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ABSTRACT
We present a multiwavelength study of 28 Galactic massive star-forming H ii regions. For 17 of
these regions, we present new distance measurements based on Gaia DR2 parallaxes. By fitting a
multicomponent dust, blackbody, and power-law continuum model to the 3.6 µm through 10 mm
spectral energy distributions, we find that ∼34% of Lyman continuum photons emitted by massive
stars are absorbed by dust before contributing to the ionization of H ii regions, while ∼68% of the
stellar bolometric luminosity is absorbed and reprocessed by dust in the H ii regions and surrounding
photodissociation regions. The most luminous, infrared-bright regions that fully sample the upper
stellar initial mass function (ionizing photon rates NC ≥ 1050 s−1 and dust-processed LTIR ≥ 106.8 L)
have on average higher percentages of absorbed Lyman continuum photons (∼51%) and reprocessed
starlight (∼82%) compared to less luminous regions. Luminous H ii regions show lower average PAH
fractions than less luminous regions, implying that the strong radiation fields from early-type massive
stars are efficient at destroying PAH molecules. On average, the monochromatic luminosities at 8,
24, and 70 µm combined carry 94% of the dust-reprocessed LTIR. L70 captures ∼52% of LTIR, and
is therefore the preferred choice to infer the bolometric luminosity of dusty star-forming regions. We
calibrate SFRs based on L24 and L70 against the Lyman continuum photon rates of the massive stars in
each region. Standard extragalactic calibrations of monochromatic SFRs based on population synthesis
models are generally consistent with our values.
Keywords: H ii regions — dust — stars: early-type, formation — infrared, radio continuum: ISM
1. INTRODUCTION
Dust plays several prominent roles in the physics of the
interstellar medium (ISM) and star formation. Dust ab-
sorbs ultraviolet (UV) radiation emitted by young stars.
This absorbed UV radiation is re-emitted at infrared
(IR) wavelengths, cooling the dust and also cooling the
gas via collisions with dust grains (Draine 1978; Dwek
1986; Hollenbach & Tielens 1997). Studies of nearby
star-forming galaxies suggest that, on average, nearly
half of emitting starlight is reprocessed by dust (Draine
2003; Tielens et al. 2005), and the thermal infrared (IR)
emission from dust grains dominates the 10–100 µm
spectral energy distributions (SEDs) of galaxies.
Dust is an important tracer of star formation activ-
ity and provides an indirect measure of the star forma-
tion rate (SFR) in external galaxies. The bolometric,
thermal IR luminosity (LTIR) is one of the most reliable
tracers of dust-obscured star formation (Kennicutt 1998;
Pe´rez-Gonza´lez et al. 2006; Kennicutt et al. 2009; Kenni-
cutt & Evans 2012). H ii regions are locations of recent,
active star formation, where massive OB stars emit ion-
izing UV photons that can interact with the surround-
ing dust or escape into ISM. H ii regions are generally
composed of multiple different components, including
the central ionizing cluster(s) of OB stars, a surround-
ing photodissociation region (PDR), and the remnants
of the giant molecular cloud from which the star clus-
ter(s) formed. H ii regions are frequently seen in close
proximity to one another, sometimes so much so that
their components overlap. It is therefore common to re-
gard H ii regions more generally as star-forming regions
within a galaxy.
In general, star formation in the Milky Way cannot
be studied using the same observational techniques as
external galaxies (Chomiuk & Povich 2011). Sight-lines
through the Galactic disk suffer very high extinction, so
SFR diagnostics that depend upon optical/UV obser-
vational tracers (in particular, Hα) cannot be applied.
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Distances to Galactic H ii regions are often highly un-
certain, and confusion arises from multiple star forming
regions overlapping along a given line of sight. However,
mid- and far-IR SFR tracers can be applied to Galactic
and extragalactic regions (Calzetti et al. 2007, 2010; Li
et al. 2010, 2013; Stephens et al. 2014; Vutisalchavakul
& Evans 2013; Vutisalchavakul et al. 2016), and ther-
mal radio continuum observations can easily resolve in-
dividual Galactic regions and be used as a substitute for
recombination-line diagnostics to count ionizing photons
(Paladini et al. 2003).
The Milky Way offers the unique opportunity to study
individual massive star forming regions (MSFRs) re-
solved over sub-parsec distance scales, where the associ-
ated young stellar populations can be directly observed.
The Massive Young Star-Forming Complex Study in In-
frared and X-ray (MYStIX; Feigelson et al. 2013; Broos
et al. 2013) has characterized hundreds of OB stars in
∼20 young Galactic star-forming regions within 4 kpc,
and ∼100 more obscured OB stars in the MYStIX point-
source catalog have recently been found by Povich et al.
(2017). The MSFRs Omnibus X-ray Catalog (MOXC;
Townsley et al. 2014) produced X-ray point-source cat-
alogs and diffuse emission maps from archival Chandra
X-ray Observatory data on seven MYStIX MSFRs and
four additional Galactic MSFRs out to 7 kpc (plus 30
Doradus in the Large Magellanic Cloud).
To better understand the interplay between massive
stars and IR/radio nebular tracers of star formation, we
have conducted a study of 29 Galactic MSFRs, with 21
drawn from the MYStIX and MOXC surveys, and nine
additional, prominent regions that have similar high-
resolution X-ray through mid-IR archival data avail-
able. We construct SEDs by performing aperture pho-
tometry on data from the Spitzer Space Telescope, the
Midcourse Space Experiment (MSX), the Infrared As-
tronomical Satellite (IRAS), the Herschel Space Obser-
vatory, and the Planck satellite. We then fit a multi-
component Draine & Li (2007) dust, blackbody, and
power-law continuum model to the mid-IR through ra-
dio SEDs for each region to measure LTIR, constrain
dust properties, and search for evidence of supernova
contamination in the radio continuum. We use MYS-
tIX point-source database of X-ray and IR-detected OB
stars, along with supplementary lists of massive stars
from the literature for non-MYStIX targets, to predict
the ionizing photon rate injected into each region and
to calculate the fraction of emitted luminosity that is
reprocessed by dust.
This paper is organized as follows: Section 2 describes
the data sources used in this paper. Section 3 describes
our SED modeling procedure, while Section 3.5 sum-
marizes the trends observed in the resulting fits. In
Section 4 we discuss the relationship between the MS-
FRs and their ionizing stellar clusters. In Section 5
we discuss commonly used SFR indicators that rely on
monochromatic luminosities, and investigate the differ-
ences in predicted SFRs these indicators yield when ap-
plied to our sample of MSFRs.
2. TARGETS AND OBSERVATIONS
We targeted MSFRs that could plausibly appear as
compact IR sources to an extragalactic observer study-
ing the Milky Way with a spatial resolution of ∼100 pc.
The essential criteria for selecting MSFRs for inclusion
in this study were (1) bright, localized mid-IR nebu-
lar emission and (2) availability of high-resolution X-ray
through IR imaging data that provide spatially-resolved
information about of the nebular morphology and asso-
ciated stellar populations. We included as many high-
luminosity regions hosting rich massive clusters as possi-
ble. Some prominent regions, notably the very massive
Arches and Quintuplet clusters near the Galactic center,
were omitted because any localized nebular emission is
indistinguishable from the extremely bright diffuse IR–
radio background. Table 1 lists the basic properties of
our MSFR sample, including Galactic coordinates, dis-
tance from the Sun, and spectral type(s) of the dominant
ionizing star(s). See Appendix A for details of the OB
stellar population in each region. While these MSFRs
represent a wide range of masses, luminosities, heliocen-
tric distances, and spatial morphologies, we caution that
our sample cannot be considered an unbiased sample of
Galactic H ii regions or young massive clusters. Our
selection criteria favor younger, more nearby, and more
massive regions.
Distances to Galactic MSFRs and their associated
young clusters have historically been difficult to mea-
sure. A handful of regions (e.g., the Orion Nebula, M17,
W3, W51A, and NGC 6334) have had distances mea-
sured from multi-epoch very long baseline interferome-
try (VLBI) parallax measurements of maser spots asso-
ciated with high-mass protostars. Other techniques to
estimate distances include fitting of the high-mass main
sequence on the HR diagram, utilizing extinction maps
of background stars, or deriving distance constraints
from the X-ray luminosity function or molecular cloud
radial velocities. All of these techniques are subject
to considerable uncertainties (e.g., incorrect accounting
for binarity, differential absorption for individual stars,
or peculiar velocities deviating from Galactic rotation).
For example, over a dozen estimates for the distance to
the Lagoon Nebula are presented in Tothill et al. (2008),
most of which fall in the range of 1.3–1.8 kpc.
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We searched the Gaia DR2 database (Gaia Collab-
oration et al. 2018) and found reliable parallax mea-
surements for 193 cataloged OB stars associated with
19 of our MSFRs. Reliable parallaxes had Gaia g-band
average magnitudes brighter than 15 and typical rel-
ative parallax uncertainties <10%, with a few excep-
tions showing larger uncertainties. We computed the
uncertainty-weighted mean parallax distance among the
OB stars within each MSFR, rejecting >3σ outliers.
New, reliable parallax distances are available for 17 of
the 28 MSFRs. In all cases these distances fall within the
(sometimes very wide) range of previously-published dis-
tance estimates and provide a significant improvement
in precision. In four cases (the Flame Nebula, W40,
the Trifid Nebula, and Berkeley 87) these distances are
based on a single star, but we nevertheless judge them
to be more reliable than previous distance estimates.
Cases where the distance appears to have been obtained
to greater accuracy for regions without Gaia parallaxes
may only represent fewer distance estimates available in
the literature. We adopt the distances listed in Table 1.
Although the MSFRs in our sample are very young
(<5 Myr), even during this short timescale dramatic,
evolutionary changes to the density, temperature, and
morphology of the gas and dust can and do occur. The
MSFRs in our sample range from highly-embedded H ii
regions where the bulk of the stellar luminosity is re-
processed by dust (e.g., the Flame Nebula and W51A)
to relatively unobscured H ii regions that have been
largely evacuated of dust (e.g., W4, Wd 1). However,
age-dating methods for H ii regions and their associated
stellar populations are heterogeneous and suffer from
large uncertainties, so we will not attempt to place the
MSFRs in our sample into an evolutionary sequence. A
detailed analysis of the age and SFRs in these regions
will be the subject of a forthcoming paper.
2.1. Observations
IR data from Spitzer, MSX, and IRAS and radio data
from Planck were retrieved using the NASA/IPAC In-
frared Science Archive (IRSA)1.
2.1.1. Spitzer
The majority (23) of our target MSFRs were in-
cluded in the Galactic Legacy Infrared Mid-Plane Sur-
vey Extraordinaire (GLIMPSE; Benjamin et al. 2003)
or follow-up surveys (GLIMPSE II, GLIMPSE 3D,
GLIMPSE 360, or Vela-Carina surveys; Churchwell
et al. 2009; Zasowski et al. 2009; Povich et al. 2011)
using the four Spitzer IRAC bands, centered at 3.6, 4.5,
1 See http://irsa.ipac.caltech.edu
Table 1. Massive Star-Forming Region Sample
(l, b) Distance Earliest
Name (J2000) (kpc) Reference Sp. Type
(1) (2) (3) (4) (5)
Flame Nebula 206.5–16.3 0.33±0.01 1 O9V
Orion Nebula 209.0–19.4 0.41±0.01 1 O7V
W40 028.8+03.5 0.49±0.05 1 O9.5V
RCW 36 265.1+01.4 1.09±0.09 1 O9V
Lagoon Nebula 006.0–01.2 1.17±0.10 1 O4V
Trifid Nebula 007.1–00.3 1.57±0.21 1 O7V
NGC 6334 351.1+00.5 1.63±0.16 1 O7V
RCW 38 268.0–01.1 1.7±0.9 2 O5.5V
Eagle Nebula 017.0+00.8 1.71±0.18 1 O5V
Berkeley 87 075.7+00.3 1.74±0.09 1 WC5
NGC 6357 353.2+00.9 1.78±0.18 1 O3.5III
M17 015.1–00.7 1.82±0.16 1 O4V
W3 133.9+01.1 2.18±0.12 1 O6V
W42 025.4–00.2 2.2 3 O5V
W4 134.7+00.9 2.24±0.17 1 O4I
W33 012.8–00.2 2.40+0.17−0.15 4 O5I
G333 333.6–00.2 2.6 5 O5V
NGC 7538 111.5+00.8 2.65+0.12−0.11 6 O5V
Carina Nebula 287.7–00.8 2.69±0.40 1 LBV
NGC 3576 291.3–00.8 2.77±0.31 1 O7.5V
G305 305.3+00.1 3.59±0.85 1 O5.5I
Westerlund 1 (Wd 1) 339.5–00.4 3.9±0.6 7 O9.5I
RCW 49 284.3–00.3 4.4±1.0 1 O3V
W51A 049.5–00.3 5.1+2.9−1.4 8 O4V
W43 030.8–00.0 5.5+0.4−0.3 9 O3.5III
G29.96–0.02 030.0–00.0 6.2 10 O5III
NGC 3603 291.6–00.5 7.0 11 O3V
W49A 043.2+00.0 11.4±1.2 12 O3I
Note—MSFRs are listed in order of increasing heliocentric
distance. Distance references are: 1: Gaia Collaboration
et al. (2018), 2: Schneider et al. (2010), 3: Blum et al.
(2000), 4: Immer et al. (2013), 5: Figuereˆdo et al. (2005), 6:
Moscadelli et al. (2009), 7: Koumpia & Bonanos (2012), 8:
Xu et al. (2009), 9: Zhang et al. (2014), 10: Russeil et al.
(2011), 11: Harayama et al. (2008), and 12: Gwinn et al.
(1992). For a discussion of the spectral types found in each
stellar population (including references), see Appendix A.
5.8, and 8.0 µm (Fazio et al. 2004). High-resolution
(1.′′2 pixels) mosaics were created by the GLIMPSE
pipeline2 from Basic Calibrated Data (BCD) image
frames processed by the Spitzer Science Center (SSC).
The GLIMPSE pipeline removes artifacts such as stray
light (from all bands), muxbleed (3.6 and 4.5 µm bands),
and banding (5.8 and 8.0 µm bands). The SSC Mopex
package (Makovoz et al. 2006) is used to mask image
artifacts (primarily cosmic rays), and the IPAC Mon-
tage packages were used to mosaic the images (Berriman
et al. 2002).
The remaining 7 MSFRs were included in the MYStIX
survey, and for these we use mosaic images produced by
2 See http://www.astro.wisc.edu/glimpse/.
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Kuhn et al. (2013) from publicly-available Spitzer/IRAC
archival observations. The majority of our targets were
also observed at 24 and 70 µm using the Multiband
Infrared Photometer for Spitzer (many as part of the
MIPSGAL survey; Carey et al. 2009). Because many
of our MSFRs are extremely mid-IR bright, the MIPS
24 µm images frequently become saturated, and Her-
schel offers superior sensitivity and photometric calibra-
tion at 70 µm. For these reasons we do not use MIPS
data for this study.
2.1.2. MSX
The Spirit III instrument on board the MSX satel-
lite surveyed the Galactic plane in four IR bands (Price
et al. 2001): A (8.28 µm), C (12.13 µm), D (14.65 µm),
and E (21.3 µm). The spatial resolution of Spirit III
was ∼18.′′3. Although its resolution and sensitivity are
inferior to that of Spitzer, the absolute flux calibration
of MSX, determined in-flight by measuring the fluxes
from projectiles fired away from the spacecraft, is re-
liable to ∼1% (Price et al. 2004). Hence MSX mid-IR
fluxes are the most accurate currently available. MSX A
images provide the benchmark against which IRAC [8.0]
fluxes can be compared (Cohen et al. 2007), and MSX E
provides a substitute for saturated Spitzer/MIPS 24 µm
images.
2.1.3. IRAS
From January to November 1983 the Infrared Astron-
omy Satellite (IRAS) mapped 98% of the sky in four
IR bands. These bands have effective wavelengths of
12, 25, 60, and 100 µm (Beichman et al. 1998). Al-
though the sensitivity of IRAS is comparable to that
of MSX, its resolution was much lower, with 1.′5 pix-
els. We use the Improved Reprocessing of the IRAS
Survey (IRIS) products available through IRSA, which
benefits from improved zodiacal light subtraction, cali-
bration and zero level compatible with DIRBE, and bet-
ter destriping, particularly in the 12 and 25 µm bands
(Miville-Descheˆnes & Lagache 2005). All IR images were
downsampled to the 1.′5 pixel scale of IRAS before aper-
ture photometry and analysis was performed.
2.1.4. Herschel
All target MSFRs were included in one or more of the
Herschel Hi-Gal, HOBYS, or Gould Belt surveys (Moli-
nari et al. 2010; Motte et al. 2010; Andre´ et al. 2010).
Far-infrared and submillimeter images were downloaded
from the Herschel Space Observatory Science Archive3
using the Herschel Interactive Processing Environment
3 See http://archives.esac.esa.int/hsa/whsa/
(HIPE; Ott 2010). Level 2.5 images were retrieved for
both PACS and SPIRE observations. The default JS-
canam map-maker was selected for all PACS observa-
tions. The beam sizes of the 70 µm, 160 µm, 250 µm, 350
µm, and 500 µm images are 5.′′8, 12.′′0, 18.′′0, 25.′′0, and
37.′′0, respectively (Griffin et al. 2010; Poglitsch et al.
2010).
2.1.5. Planck
We retrieved Planck cut-out images4 at 30 GHz, 44
GHz, 70 GHz, and 100 GHz centered on each MSFR.
The images were scaled to be four or eight times the
FWHM of the effective beam at each frequency to pro-
vide an adequate estimate of the background. The ef-
fective FWHM in the 30, 44, 70, and 100 GHz channels
are 32.′41, 27.′10, 13.′32, and 9.′69, respectively. The flux
density is estimated by integrating the data in a circular
aperture centered at the position of the source (see next
section for details).
Many of the MSFRs in our sample have been studied
with a variety of radio facilities at different frequencies.
We do not use these historical measurements, which fre-
quently give disparate results even for a single region
(e.g., as in M17; Povich et al. 2007), in our analysis.
Instead, our analysis utilizes the homogeneous Planck
data, which had excellent absolute surface brightness
calibration and covered the entire sky with sufficient
angular resolution to measure the radio continuum for
individual star forming regions. Cases where previous
measurements of the radio continuum are available for
MSFRs are discussed in Appendix A.
2.2. Aperture Photometry
To construct multiwavelength SEDs, we performed
aperture photometry on the IR and radio images of all
MSFRs in our sample. Circular apertures sizes were de-
termined by first extracting the surface brightness pro-
file of each MSFR in the IRAC 8.0 µm band, centered
on the cluster location given in Table 1. The surface
brightness as a function of distance was then fit with
a decaying exponential function plus a constant back-
ground. The “global” MSFR aperture was defined by
the radius within which 99% of the source surface bright-
ness was enclosed. Circular background apertures were
selected by visual inspection near the outer edge of the
source apertures, and were required to possess an aver-
age surface brightness consistent with that of the con-
stant background level found in the full surface bright-
ness profile. In a few cases, the spatial extent of the
MSFR made extracting IRAC 8 µm surface brightness
4 See https://irsa.ipac.caltech.edu/applications/planck/
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profiles out to the background level impossible, as large
segments of the nebula run off the edge of the Spitzer
field of view before the background is reached. In other
cases, Spitzer 8 µm images were missing completely. For
these regions, we use the MSX A channel (8.28 µm) to
extract the surface brightness profile and define source
apertures.
In Figure 1, we present an RGB-rendered finding chart
of the Orion Nebula, with the extraction aperture super-
imposed; we additionally show the surface brightness
profiles that were extracted using the IRAC 8 µm MSX
E channel (21.3 µm), and PACS 70 µm images. The
MSX E and PACS 70 µmprofiles have been renormal-
ized to equal the 8 µm surface brightness at the radius
of the extraction aperture. The remaining finding charts
and surface brightness profiles are shown in Figures 1.1
through 1.28 in the online figure set. A detailed analy-
sis of the spatially-resolved SEDs will be presented in a
forthcoming paper.
Fig. Set 1. The RGB rendered finding charts
and surface brightness profiles for the 28 MSFRs
in our sample.
In many cases, the 8 µm aperture radius was smaller
than the Planck FWHM (especially at 100 GHz and
70 GHz), which would have led to a potentially signif-
icant loss of radio flux. We therefore used either the
IR-derived aperture or the Planck FWHM at each fre-
quency, whichever was larger, to compute the radio flux.
For some MSFRs in crowded regions, source confusion
(particularly at lower frequencies) was a serious issue –
we only measure the radio flux in the frequency range
where the MSFR is clearly resolved. The aperture size
rap used to compute the radio flux for each region is
given in Appendix B.
Data obtained from the various missions used in this
work are reported in different units (for example, Her-
schel/PACS images are calibrated in units of Jy pixel−1,
while SPIRE images are in MJy sr−1). We integrated
the intensity images over the apertures defined above in
MJy sr−1 before converting each value to a flux density
S0 (Jy). The background-subtracted flux densities were
calculated as
S = S0 −Bnpix, (1)
where npix is the number of pixels contained within the
source aperture and B is the background level. The
uncertainties are estimated as
δS
S
=
Bnpix
S0
. (2)
Additional sources of systematic error affect the ab-
solute diffuse flux calibrations of IRAC images. Cohen
Orion Nebula
r = 22.6’ (2.7 pc)
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Figure 1. Top: The RGB image (using a logarithmic stretch
function) of the Orion Nebula, with the extraction aperture
shown in white. Blue is Spitzer IRAC 4 (8.0 µm), green is
MSX E (21.3 µm), and red is Herschel PACS 70 µm. Bottom:
Surface brightness profiles from Spitzer IRAC [8.0], MSX E,
and PACS 70 µm. The vertical red line indicates the outer-
most radius from within which the SEDs for the region were
extracted. The horizontal dotted line indicates the back-
ground flux level. The complete figure set (56 images) is
available in the online journal.
et al. (2007) compared the IRAC 8 µm and MSX 8.3 µm
for a sample of 43 Galactic H ii regions and found, cor-
recting for the difference in bandpasses, that the present
calibration of the IRAC 8 µm band tends to overestimate
diffuse fluxes by 36%. This discrepancy is attributed
to scattered light inside the camera, likely affecting the
IRAC 5.8 µm band as well. Aperture correction factors
have been estimated for all four bands; we adopt the SSC
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“infinite-aperture” correction factors5 and multiply our
flux densities at 3.6, 4.5, 5.8, and 8.0 µm by factors of
0.91, 0.94, 0.73, and 0.74, respectively. All of our mea-
sured flux densities, aperture central coordinates, and
adopted radio apertures are reported in Table 8 in the
Appendix.
3. THE SPECTRAL ENERGY DISTRIBUTIONS
Our SED model contains three basic components: a
set of dust models to describe the “warm” dust compo-
nent (∼3–100 µm), a “cool” blackbody component to
describe the far-IR (∼20 K, at ∼100–500 µm) observa-
tions, and the radio continuum:
Sν = Sdust + Sblackbody + Spowerlaw. (3)
We discuss each component in detail below.
3.1. The “Warm” Dust Model
We employ the dust emissivity models of Draine & Li
(2007), using the Galactic “MW” grain size distribution
models (Weingartner & Draine 2001). These models as-
sume a canonical extinction law AV /E(B − V ) = 3.1
mag. This extinction law may underestimate the dust
emissivity at longer wavelengths (e.g., where the colder
dust, described below, begins to dominate the SED). For
this reason, we do not attempt to constrain the dust
emissivity or dust mass using the Draine & Li (2007)
models; the primary purpose of the SED modeling is
to obtain accurate IR luminosities of the MSFRs. The
dust is assumed to be a mixture of amorphous silicate
and graphitic grains, heated by starlight, with the small-
est carbonaceous grains having the physical properties
of polycyclic aromatic hydrocarbon (PAH) molecules.
The size distributions of these particles are chosen to
reproduce the wavelength-dependent extinction in the
Milky Way. The silicate and carbonaceous content of
the dust grains was constrained by observations of the
gas phase depletions in the interstellar medium (Wein-
gartner & Draine 2001). The PAH abundance in each
model is characterized by the index qPAH, defined to
be the percentage of the total grain mass contributed
by PAHs containing less than 103 C atoms, which can
range from 0.46% to 4.6%.
In addition to the physical dust mixture, the mod-
els also specify the intensity of the radiation field that
is heating the dust grains. The IR emission spectrum
is relatively insensitive to the detailed spectrum of the
hν < 13.6 eV photons, and the Draine & Li (2007) dust
models simply adopt the spectrum of the local interstel-
5 See http://ssc.spitzer.caltech.edu/irac/calib/extcal
lar radiation field (ISRF). The specific energy density of
starlight is therefore taken to be
uν = Uu
(MMP83)
ν , (4)
where u
(MMP83)
ν is the specific energy density estimated
by Mathis et al. (1983) for the local Galactic ISFR and
U is a dimensionless scale factor. In order to account for
the range of starlight intensities that may be present in
MSFRs, we parameterize the starlight as the sum of two
contributions: one describing the radiation field due to
the central ionizing cluster, assumed to be a delta func-
tion where Umin,1 = Umax,1 = U1, and the other describ-
ing a range of stellar intensities ranging from Umin,2 to
Umax,2. The second contribution allows the stellar radi-
ation field to decrease with increasing distance from the
principal ionizing OB star(s) and as a result of attenu-
ation by intervening dust. The flux density of the total
warm dust model used in our fits is therefore given by
fdust(λ) = Ndust [γfdust,1 (λ) + (1− γ)fdust,2 (λ)] , (5)
where fdust,1(λ) is the δ-function radiation field and
fdust,2 is the radiation field described by a range of
stellar intensities. The total warm dust model is de-
fined by the PAH fraction of each component (qPAH,1
and qPAH,2), the minimum and maximum stellar radi-
ation fields experienced by component two (Umin,2 and
Umax,2), the radiation field experienced by component
one (U1), the fraction of flux density emitted by each
component (γ), and a normalization constant (Ndust).
Typically, Umin,2 spans 0.1–1.00 while U = Umax,2 =
103–105, and γ is small (∼10−5). For regions without
complete Spitzer coverage, this dust component is al-
most completely unconstrained. In these cases, we uti-
lize a single dust component and report only U1 and
qPAH.
3.2. The “Cool” Blackbody
A single-temperature blackbody modified by an emis-
sivity law proportional to λ−β is used to fit the cool
(∼20–30 K) dust component of the MSFRs, captured
primarily by the SPIRE 250 µm, 350 µm, and 500 µm
channels. We refer to this component as the “cool”
blackbody to differentiate it from “cold” (≤10 K) dust in
the ISM. Laboratory studies of interstellar dust analogs
have found that β ∼ 1 − 2 for carbonaceous grains
(Mennella et al. 1995; Zubko et al. 1996; Jager et al.
1998) and β ∼2 for silicate grains (Mennella et al. 1998;
Boudet et al. 2005; Coupeaud et al. 2011) at FIR wave-
lengths. The effective value of β for interstellar dust
depends on the interstellar dust mixture and the inter-
stellar radiation field. We assume β = 1.5, consistent
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with observational constraints from SPIRE (e.g., Dunne
& Eales 2001; Paradis et al. 2009; Gordon et al. 2010,
2014; Skibba et al. 2011). The inferred dust tempera-
tures depend marginally on the assumed emissivity, with
β = 2 yielding temperatures systematically lower by a
few degrees (Bendo et al. 2003). With β fixed, the black-
body component of our SED model is defined only by
the dust temperature (TBB) and a normalization com-
ponent (NBB).
We note that the dust opacity and total dust mass
will depend on the normalization components NBB and
Ndust. Due to the uncertainties of the dust properties,
we do not attempt to estimate the dust mass for any
of the MSFRs. The normalizations are used only for
estimating the total IR luminosity of each region (see
below, Section 3.5).
3.3. The Radio Continuum
The nebular radio emission from MSFRs (as well
as entire star-forming galaxies; Deeg et al. 1993)
originates from two principal mechanisms: thermal
bremsstrahlung (free-free) emission and non-thermal
synchrotron radiation from supernovae (SNe). Both
free-free and synchrotron radiation produce power law
radio continua, with a spectral index α defined by
α =
dlogSν
dlogν
. (6)
We hence adopt the sign convention for which nega-
tive values of α indicate decreasing flux density with
increasing frequency. Optically thin free-free emission
is characterized by α = −0.1, while non-thermal syn-
chrotron emission typically yields α = −0.5 (e.g., see
Klein et al. 1988; Carlstrom & Kronberg 1991, and refer-
ences therein). For regions where we are able to estimate
the radio flux at all four Planck frequencies, both the
power law spectral index α and the power law normal-
ization are free parameters in our fit. For regions where
source confusion is an issue, and only one or two radio
flux measurements are available, we assume α = −0.1
(corresponding to a pure thermal continuum) and only
fit the normalization component.
The IRAC [4.5] band, while free of strong PAH emis-
sion bands, contains the H I Brα recombination line at
4.05 µm, a potentially strong emission feature in H ii re-
gions. Following the method of Povich et al. (2007) we
use the thermal continuum flux density from the Planck
radio observations to calculate the contribution of the
Brα line to the IRAC [4.5] flux density, which is typ-
ically ∼1–20%. We then increase the model-predicted
4.5 µm flux by this amount prior to fitting the SEDs.
3.4. Performing the Fit
Our model SEDs are well-sampled in wavelength,
whereas our observed SEDs are not. We therefore inte-
grate the model SED flux density (Sν) over the (broad)
response functions for each filter using
Sband =
∫
SνRE (ν) dν∫
(ν0/ν)
−1
RE (ν) dν
. (7)
RE(ν) is the response function for each filter
6 used in
our SED modeling, and ν0 is the central frequency of
the bandpass. For simplicity, we assume a S(ν) = ν−1
reference spectrum (e.g., as used in the calibration of
Herschel PACS and SPIRE, where the SED peaks; Gor-
don et al. 2014). Although the shape of the underlying
H ii spectrum is frequency-dependent, the individual
filter bandpasses are significantly narrower than the full
SED; thus, changes the reference spectrum will change
the model flux in each filter by only a few percent.
We use the IDL routine mpfitfun (Markwardt 2009)
to fit the observed fluxes to the model fluxes, and the
model yielding the lowest χ2 per degree of freedom (χ2r)
is selected as the best-fit model. Our model is applied
to a grid of possible dust model combinations defined by
[qPAH,1, qPAH,2, Umin,2, Umax,2, U ]. The best-fit values of
γ, Ndust, TBB, NBB, α, fBrα, and NPL are determined
for each parameter set; these are the parameters which
determine the number of degrees of freedom for each
model.
3.5. Results of SED Fitting
We calculate the bolometric luminosity LTIR of each
H ii region by integrating our best-fit model over the
wavelength range probed by our IR photometry (3.6–
500 µm), assuming the distance to each H ii region listed
in Table 1. We also integrate over the model-predicted
fluxes from the warm dust component only, and compute
the fraction of the bolometric luminosity that is emitted
by the warm dust component (fbol).
To examine the robustness of the dust model pa-
rameters, we additionally examined the model with the
second-lowest χ2r (presented in Table 7 in Appendix B).
In general, the differences in χ2r between the best and
second-best models (∆χ2) are small, and the bolomet-
ric luminosities inferred from the two models are within
1σ of one another for all MSFRs. Only three MSFRs
have ∆χ2 ≥ 0.5 (the Eagle Nebula, the Carina Nebula,
and NGC 3603). The radio continua are consistent with
thermal emission for all MSFRs for which it could be
measured.
6 Filter profiles were obtained from the SVO Filter Profile Ser-
vice, http://svo2.cab.inta-csic.es/theory/fps/.
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The intensity of the thermal radio continuum is pro-
portional to the number of apparent Lyman continuum
photons N ′C . The Lyman continuum photon flux re-
quired to maintain ionization is given by
N ′C = 7.489× 1046
( ν
GHz
)0.1( Te
104 K
)−0.5(
Sν
Jy
)
×
(
D
kpc
)2
ph s−1,
(8)
where Sν is the (thermal) continuum flux density mea-
sured by Planck, and D is the distance to the source (Ta-
ble 1). We assume an electron temperature of Te = 10
4
K (Subrahmanyan & Goss 1996). The best-fit parame-
ters for all MSFRs in our sample are summarized in Ta-
ble 2, sorted by increasing bolometric luminosity. The
table also includes the circular aperture radius used in
our photometry analysis, along with the corresponding
physical size of the region (note: the precise central co-
ordinates of our apertures are given in Table 8 in Ap-
pendix B). Figure 2 shows the SED and best-fit model
for the Orion Nebula; the remaining SEDs are shown in
Figures 2.1 through 2.28 in the online figure set.
Fig. Set 2. The global SEDs with the best-fit
models superimposed.
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Figure 2. The 3.6 µm – 10 mm SED for the Orion Nebula,
with the best-fit model superimposed. The complete figure
set (28 images) is available in the online journal.
In Figure 3 we plot LTIR against N
′
C . Previous stud-
ies have utilized the relationship between the luminos-
ity at 24 µm and N ′C as a foundation for calibrations of
the extragalactic, mid-IR SFR determinations (Calzetti
et al. 2007; Chomiuk & Povich 2011; Vutisalchavakul
et al. 2016). We find a sub-linear correlation, with
logLTIR = (−36.33±2.53)+(0.86±0.05) logN ′C . This is
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Figure 3. Dust-processed bolometric luminosity LTIR as
a function of N ′C from the Planck radio continuum. The
dashed black line shows the best-fit relation (logLTIR =
(−36.33 ± 2.53) + (0.86 ± 0.05) logN ′C). Only regions with
N ′C measurements from Planck are used in the fit.
consistent with sub-linear correlation between radio and
MIR tracers of star formation found by Vutisalchavakul
et al. (2016).
The cool blackbody components of the MSFRs in our
sample have an average temperature 〈TBB〉 = 28.6 ±
6.0 K. This temperature range is consistent with the
galaxy-wide SED modeling results found in the KING-
FISH survey (Hunt et al. 2015).
4. H ii REGION REPROCESSING OF STARLIGHT
AND IONIZING PHOTONS
We compiled the known massive stellar content (stars
with spectral types earlier than B2) of each region and
estimated the Lyman continuum photon rate (NC) and
bolometric luminosity (L?) produced by the stars in each
region. We used the models of (Martins et al. 2005) to
estimate NC for the cataloged OB population in each
region. This grid covers the log g–Teff plane for O- and
early-B stars, and includes non-LTE treatment and line-
blanketing. We used the observed spectral type of each
massive star (B2 or earlier) to assign a corresponding
L? and NC , summarized in Table 3. For Wolf-Rayet
stars, we adopt the luminosities and ionizing photon
rates provided in Crowther (2007, their Table 2). A
detailed discussion of each region, including references
to the previously catalogued stellar content or assump-
tions made regarding the spectral types, is presented in
Appendix A.
In Table 4 we summarize the expected (NC) and (L?)
in each MSFR, the ionizing photon flux estimated from
the Planck radio observations (N ′C), the bolometric lu-
minosity (LTIR) measured by our SED fitting, and the
ratios N ′C/NC and LTIR/L? for each region. The spec-
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Table 2. Global SED Model Fits
Name aperture U1 qPAH,1 Umin,2 Umax,2 qPAH,2 fbol 1-γ LTIR
a TBB α fBrα N
′
C χ
2
r
radius (%) (%) (%) (10−5) (106 L) (K) (%) (1049)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
Flame 15.′9 (1.5 pc) 105 4.58 0.50 105 0.47 41 7.5±0.9 0.04±0.01 34.9±9.3 -0.10±0.01 2 0.03±0.01 5.0
W40 22.′4 (3.3 pc) 105 3.19 · · · · · · · · · 26 · · · 0.04±0.01 25.8±1.3 -0.09±0.01 2 0.04±0.01 7.2
Wd 1e 2.′8 (3.2 pc) 105 4.58 1.00 105 3.19 100 84.1±9.9 0.09±0.04 8.0±7.5 · · · · · · · · · 11.5
RCW36 16.′4 (5.2 pc) 105 4.58 0.50 105 4.58 49 5.2±0.3 0.10±0.03 24.2±2.4 -0.10±0.02 3 0.12±0.02 3.2
Berkeley 87 8.′4 (4.3 pc) 105 1.12 0.50 105 4.58 43 5.7±0.9 0.17±0.07 27.4±4.1 -0.09±0.01 11 0.34±0.17 2.2
Orion 22.′6 (2.7 pc) 105 2.50 0.50 105 3.90 61 5.8±0.9 0.24±0.07 36.2±3.0 -0.09±0.01 26 0.2±0.1 2.7
Lagoond 13.′0 (4.4 pc) 105 3.19 0.50 105 1.12 72 5.0±0.2 0.32±0.07 29.6±2.2 -0.09±0.01 17 1.1±0.2 1.6
Trifid 16.′9 (7.7 pc) 103 2.50 0.50 103 4.58 87 5.0±0.8 0.37±0.11 20.9±3.1 -0.09±0.01 6 1.5±0.4 1.8
W42 5.′2 (3.3 pc) 105 1.77 0.50 105 2.50 60 5.5±0.8 0.37±0.10 26.4±0.8 -0.10 (fixed) 25 1.9±0.1 1.3
NGC 7538b 8.′0 (6.2 pc) 105 4.58 0.50 105 1.12 58 6.3±0.2 0.59±0.16 27.0±4.0 -0.07±0.01 7 1.3±0.1 2.1
W4c,e 55.′7 (36.3 pc) 105 4.58 0.50 105 4.58 26 5.0±0.3 0.77±0.07 24.8±1.2 · · · · · · · · · 2.6
Eagle 20.′5 (10.2 pc) 105 0.47 · · · · · · · · · 53 · · · 1.12±0.32 22.1±1.8 -0.10±0.02 86 1.6±0.4 7.5
W33 12.′0 (8.4 pc) 105 1.12 0.50 104 0.47 35 4.9±0.4 1.18±0.29 25.5±1.8 -0.09±0.01 39 4.6±0.8 6.2
RCW38 21.′2 (10.5 pc) 105 2.50 0.50 105 3.90 59 5.0±0.1 1.22±0.20 29.9±1.2 -0.09±0.01 8 2.6±0.1 1.7
W3 13.′4 (8.5 pc) 105 3.90 0.50 105 2.50 45 7.1±1.1 1.38±0.32 32.6±1.1 -0.08±0.01 7 2.9±0.2 2.2
NGC 3576 12.′9 (10.4 pc) 105 1.77 0.50 105 3.90 52 5.8±0.4 1.65±0.12 30.6±0.7 -0.10 (fixed) 13 4.0±0.1 2.5
NGC 6334 19.′8 (9.4 pc) 105 4.58 0.50 105 1.12 50 6.1±0.3 2.72±0.63 30.2±1.4 -0.11±0.02 7 2.8±0.3 2.0
G29.96–0.02 9.′7 (17.5 pc) 105 3.19 0.50 105 2.50 37 4.6±0.2 3.96±0.88 29.3±1.0 -0.10 (fixed) 14 15.4±0.4 1.3
NGC 6357 25.′8 (13.4 pc) 105 0.47 0.50 105 4.58 55 6.0±0.5 4.33±0.34 27.5±1.7 -0.09±0.01 7 6.4±0.2 3.1
M17 23.′0 (12.2 pc) 105 1.77 0.50 105 4.58 67 5.8±0.2 4.46±1.28 32.1±4.4 -0.09±0.01 5 7.4±0.6 2.1
9.′2 (7.0 pc),
G333 7.′5 (5.7 pc), 105 0.47 0.50 105 3.90 51 4.9±0.7 4.80±1.29 36.3±1.9 -0.07±0.01 18 11.1±0.2 1.9
9.′2 (7.0 pc)
W43 7.′5 (12.0 pc) 105 1.12 0.50 105 3.19 46 5.5±0.8 5.19±1.37 28.3±0.9 -0.10±0.02 51 57.4±9.5 1.9
RCW49 19.′6 (25.1 pc) 105 2.50 0.50 105 2.50 62 5.8±0.3 9.02±2.03 33.7±1.1 -0.10±0.02 10 26.3±3.0 1.8
G305 40.′8 (42.6 pc) 105 0.47 0.50 105 4.58 42 5.4±0.8 13.73±3.74 26.9±1.7 -0.11±0.02 8 19.5±3.5 4.1
W49A 6.′7 (22.2 pc) 105 3.19 0.50 105 1.77 31 6.3±0.9 15.61±3.63 29.9±1.1 -0.09±0.01 23 38.3±9.2 1.9
Carina 63.′9 (50.0 pc) 104 3.19 0.50 104 0.47 96 46.5±1.9 17.51±5.31 28.7±4.3 -0.08±0.01 5 29.0±3.1 4.1
W51A 31.′8 (47.2 pc) 105 4.58 0.50 105 0.47 51 4.7±0.3 17.88±4.86 31.9±4.8 -0.12±0.02 9 33.5±5.2 2.3
NGC 3603 12.′4 (25.2 pc) 105 1.12 0.50 105 2.50 56 12.6±1.1 23.10±6.40 40.6±6.1 -0.10 (fixed) 8 31.1±0.9 3.3
Note—aIn this and subsequent tables, MSFRs are listed in order of increasing LTIR.
bMissing Spitzer [5.8] and [8.0]
observations. cSpitzer observations not used in fit due to incomplete coverage of the region. dMissing Herschel PACS
observations. eMissing or insufficient radio emission in Planck.
tral types of the ionizing stellar populations are, of
course, not known with perfect accuracy. To assign
uncertainties to NC and L?, we assume that the cat-
aloged spectral type of each star may differ by up to
one type from the true value; e.g., an O6V star may
be as late as an O7V or as early as an O5V. For each
star in the MSFR, we randomly select a spectral type
that can be the same as the reported spectral type, or
a half- or full-spectral type earlier or later than the re-
ported spectral type. We then re-compute NC and L?
for the region. This process is repeated 500 times for
each MSFR, yielding distributions of plausible NC and
L? values for each region. The standard deviations of
these distributions are then used as the uncertainties on
NC and L? reported in Table 4; typically, the means
of these distributions agree with the values computed
using the cataloged spectral types.
In Figure 4 we plot N ′C and LTIR derived from our
SED fits against against NC and L?, respectively, from
the massive stellar content in all 28 MSFRs. Exclud-
ing MSFRs that lack secure distances, well-characterized
massive stellar populations, or measurable N ′C from the
Planck observations, the best-fit relationship for the
Lyman continuum photon rates yields a linear slope,
logN ′C = (−0.40 ± 0.80) + (1.00 ± 0.07) logNC , as
does the relationship for bolometric luminosities, with
logLTIR = (−0.52± 0.35) + (1.04± 0.06) logL?. Includ-
ing all MSFRs does not significantly change the power-
law slopes of these relationships.
Dust can absorb Lyman continuum photons before
they contribute to the ionization of H ii regions (McKee
& Williams 1997), reducing N ′C/NC while contributing
to LTIR/L?. Previous studies have found that ∼20-50%
of UV photons produced by massive stars in the Milky
Way and Local Group galaxies are absorbed by dust in
surrounding H ii regions (see Inoue 2001; Inoue et al.
2001, and references therein). Similar studies of exter-
nal galaxies have suggested 30–70% of the emitted UV
photons escape from H ii regions and interact with the
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Table 3. Adopted Stellar Parameters by Spectral Type
Class V Class III Class I Wolf Rayet (WN+) Wolf Rayet (WC+)
Spectral log L? log NC log L? log NC log L? log NC log L? log NC log L? log NC
Type (L) (s−1) (L) (s−1) (L) (s−1) (L) (s−1) (L) (s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
O3 5.84 49.64 5.96 49.77 5.99 49.78 5.34 49.20 ... ...
O3.5 5.76 49.54 5.91 49.71 5.96 49.74 ... ... ... ...
O4 5.67 49.44 5.85 49.64 5.93 49.70 5.30 49.20 5.54 49.40
O4.5 5.58 49.33 5.70 49.56 5.90 49.66 ... ... ... ...
O5 5.49 49.22 5.73 49.48 5.87 49.62 5.20 49.00 5.10 48.90
O5.5 5.41 49.10 5.67 49.40 5.84 49.58 ... ... ... ...
O6 5.32 48.99 5.61 49.32 5.81 49.52 5.20 49.10 5.06 48.90
O6.5 5.23 48.88 5.54 49.23 5.78 49.46 ... ... ... ...
O7 5.14 48.75 5.48 49.13 5.75 49.41 5.54 49.40 5.34 49.10
O7.5 5.05 48.61 5.42 49.01 5.72 49.31 ... ... ... ...
O8 4.96 48.44 5.35 48.88 5.68 49.25 5.38 49.10 5.14 49.00
O8.5 4.86 48.27 5.28 48.75 5.65 49.19 ... ... ... ...
O9 4.77 48.06 5.21 48.65 5.61 49.11 5.70 48.90 4.94 48.60
O9.5 4.68 47.88 5.15 48.42 5.57 49.00 ... ... ... ...
B0 4.57 47.70 5.08 48.28 ... ... ... ... ... ...
B0.5 4.47 47.50 5.00 48.10 ... ... ... ... ... ...
B1 4.37 47.28 4.93 47.90 ... ... ... ... ... ...
B1.5 4.28 47.05 4.86 47.68 ... ... ... ... ... ...
B2 4.19 46.80 4.78 47.44 ... ... ... ... ... ...
ISM (e.g., Oey & Kennicutt 1997; Zurita et al. 2002;
Giammanco et al. 2005; Pellegrini et al. 2012).
Our SED modeling results allow us to estimate both
the fraction of stellar luminosity that escapes the MSFR
and the fraction of Lyman continuum photons absorbed
by dust within the H ii regions. Strong density inho-
mogeneities in the H ii regions and surrounding PDRs
create low-density pathways through which Lyman con-
tinuum and longer-wavelength photons may reach the
diffuse ISM without first being absorbed by local dust
or gas associated with the MSFR. UV photons carry the
bulk of the emitted stellar luminosity and have char-
acteristically large interaction cross-sections with both
dust and gas. The average hydrogen gas density nH
of the diffuse ISM is typically lower than that within
a young H ii region by a factor of 10−3. Since the
Stro¨mgren radius is proportional to n
−2/3
H (Stro¨mgren
1939), Lyman continuum photons that manage to es-
cape MSFRs can ionize regions 100 times larger than
their parent H ii regions. The largest H ii regions in
our sample have diameters of tens of pc, hence their es-
caped Lyman continuum photons contribute to the ion-
ization of the warm ionized medium, with its ∼1 kpc
scale height (Haffner et al. 2003).
The fraction of stellar luminosity escaping from each
MSFR is simply
fesc = 1− LTIR/L?, (9)
which we calculate for the 18 MSFRs with well-
characterized massive stellar populations, well-constrained
distances (hence excluding the 8 regions marked with a
c or d in column 1 of Table 4; values of fesc are presented
in column 6), and measurable N ′C . For these regions we
find an average 〈LTIR/L?〉 = 0.74 ± 0.22, so approxi-
mately three-quarters of the emitted stellar luminosity
is absorbed and reprocessed by the H ii regions and sur-
rounding PDRs and one-quarter escapes into the diffuse
ISM. The average ratio of Lyman continuum photon
rate emitted by the massive stars to ionizing photon
rate measured from the Planck thermal radio contin-
uum is 〈N ′C/NC〉 = 0.47± 0.24. In other words, we find
that only ∼50% of UV photons emitted by massive stars
contribute to the ionization of their surrounding H ii re-
gions, consistent with Inoue (2001). Ionizing continuum
photons are lost to the H ii regions due to the combina-
tion of dust absorption and escape, hence we define the
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Table 4. Lyman Continuum Rates and L? vs. LTIR
OB Stars SED Model/Stellar Population
Region NC (10
49 s−1) L? (106 L) N ′C/NC LTIR/L? fesc fC,abs
(1) (2) (3) (4) (5) (6) (7)
Flamea 0.15±0.07 0.09±0.02 0.20±0.11 0.44±0.15 0.56±0.19 0.24±0.16
W40 0.09±0.05 0.07±0.01 0.44±0.27 0.57±0.16 0.43±0.12 0.13±0.09
Wd 1 6.33±4.11 2.64±0.65 · · · 0.03±0.02 >0.32 · · ·
RCW 36 0.19±0.09 0.11±0.02 0.63±0.32 0.91±0.32 0.09±0.03 0.28±0.17
Berkeley 87 1.86±0.72 0.72±0.15 0.18±0.11 0.24±0.11 >0.41 0.06±0.05
Orion 0.77±0.23 0.29±0.04 0.26±0.15 0.83±0.27 0.17±0.06 0.57±0.38
Lagoonb 3.71±2.09 1.14±0.27 0.30±0.18 0.28±0.09 0.72±0.23 0
Trifidc 0.58±0.22 0.16±0.04 2.59±1.20 2.31±0.90 · · · · · ·
W42 1.71±0.54 0.35±0.08 1.11±0.36 1.06±0.38 · · · 0
NGC 7538a 4.74±0.89 1.01±0.13 0.27±0.05 0.58±0.17 0.42±0.12 0.31±0.10
W4b 11.50±2.12 2.60±0.28 · · · 0.30±0.03 0.70±0.07 · · ·
Eagleb 4.31±2.88 2.01±0.41 0.37±0.26 0.56±0.20 0.44±0.16 0.19±0.15
W33 10.78±1.30 1.98±0.16 0.43±0.09 0.60±0.16 0.40±0.11 0.17±0.06
RCW 38a,b 3.50±1.36 0.76±0.18 0.74±0.29 1.61±0.46 · · · · · ·
W3b 5.87±2.37 1.68±0.31 0.49±0.20 0.82±0.24 0.18±0.05 0.30±0.17
NGC 3576c 2.71±1.26 0.88±0.16 1.48±0.69 1.88±0.37 · · · · · ·
NGC 6334b,c 4.24±1.74 1.17±0.27 0.66±0.28 2.32±0.76 · · · · · ·
G29.96–0.02c 4.17±0.51 0.74±0.06 3.69±0.46 5.35±1.24 · · · · · ·
NGC 6357b 32.95±3.41 7.13±0.53 0.19±0.02 0.61±0.07 0.39±0.04 0.42±0.07
M17b 22.39±4.08 5.89±0.54 0.33±0.07 0.76±0.23 0.24±0.07 0.43±0.16
G333a,c 8.30±1.26 1.55±0.18 1.33±0.20 1.22±0.36 · · · · · ·
W43 39.70±1.95 7.10±0.25 1.44±0.25 0.73±0.19 0.27±0.07 · · ·
RCW 49 56.24±2.82 10.38±0.42 0.47±0.06 0.87±0.20 0.13±0.03 0.40±0.11
G305c 29.31±2.34 6.70±0.34 0.67±0.13 2.05±0.57 · · · · · ·
W49Ac 60.89±3.18 10.53±0.45 0.63±0.15 1.48±0.35 · · · · · ·
Carina 93.79±6.43 22.76±0.97 0.31±0.04 0.77±0.24 0.23±0.07 0.46±0.16
W51Ac,d 42.95±2.81 9.15±0.43 0.78±0.13 1.95±0.28 · · · · · ·
NGC 3603 137.08±5.02 23.03±0.74 0.23±0.02 1.00±0.28 <0.28 0.77±0.23
Note—aAssumptions made about the spectral type(s) of one or more stars in the region. bIncludes candidate OB members
from Povich et al. (2017). cStellar content likely incomplete. dSignificant distance uncertainty.
fraction (fC,abs) of Lyman continuum photons absorbed
by dust within H ii regions using
fC,abs + fesc = (NC,abs +NC,esc)/NC = 1−N ′C/NC .
(10)
Substituting Equation 9 into the above and rearranging
terms, we have
fC,abs = LTIR/L? −N ′C/NC . (11)
We have tacitly assumed that fesc does not differ
significantly between Lyman continuum and longer-
wavelength UV photons. Values of fC,abs are reported
in column 7 of Table 4. The uncertainties are relatively
large, and fC,abs falls within 1σ of zero for roughly 20%
(3/17) of H ii regions for which it could be calculated;
for these regions we report upper limits only.
In Table 5 we divide our MSFR into subgroups based
on luminosity and then compute the average values
of N ′C/NC , LTIR/L?, and fC,abs for each subgroup.
The luminosity subgroups were defined to categorize
the ionizing stellar population as follows: those with a
fully-populated upper stellar initial mass function (IMF)
containing multiple O2/O3 stars plus Wolf-Rayet stars
(logLTIR/L ≥ 6.8 or logL?/L ≥ 6.8), those ion-
ized by the equivalent of a single O6 or later-type star
(logNC/s
−1 < 49), and the intermediate case of H ii
regions ionized by one or more early O stars but may
still be influenced by stochastic sampling of the upper
IMF (see Kennicutt & Evans 2012). Only regions with
reasonably secure distances, well-catalogued stellar pop-
ulations, and for which we were able to calculate non-
zero values of fC,abs (e.g., half of our sample) were used
for this analysis.
The main result highlighted in Table 5 is that the high-
luminosity regions with fully-populated upper IMFs lose
50% of their Lyman continuum photons to dust absorp-
tion that would otherwise contribute to ionizing their
12 Binder & Povich
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Figure 4. Left: The Lyman continuum photon rate from radio observations (N ′C) as a function of the stellar content (NC).
Excluding the MSFRs plotted as open circles with dotted-line error bars (see text for details), logN ′C = (−0.40 ± 0.80) +
(1.00 ± 0.07) logNC (black dashed line). Using all MSFRs, the slope becomes 0.97±0.08 and the y-intercept is 1.00±0.76.
Right: The bolometric luminosity (LTIR) as a function of the stellar content (L?). The fit to the filled circle points gives
logLTIR = (−0.52 ± 0.35) + (1.04 ± 0.06) logL? (black dashed line). Using all MSFRs, the slope becomes 1.00 ± 0.12 and the
y-intercept becomes -0.07±0.73 (gray dashed line). The bottom panels show the scatter about the best-fit relationships.
Table 5. Mean Fractions of Starlight Reprocessed by Dust in MSFRs
MSFR Subgroup N 〈log (N ′C/s−1)〉 〈log (LTIR/L)〉 〈N ′C/NC〉 〈LTIR/L?〉 〈fC,abs〉
(1) (2) (3) (4) (5) (6) (7)
Fully-populated upper IMF 4 50.295 7.050 0.30 0.82 0.51
Some early O stars 6 49.307 5.985 0.35 0.59 0.24
Single O6 or later 4 47.865 4.896 0.38 0.69 0.31
All MSFRs 14 49.177 5.978 0.34 0.68 0.34
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Figure 5. The fraction of Lyman continuum photons ab-
sorbed by dust within each H ii region (fC,abs) as a function
of the luminosity ratio LTIR/L?.
H ii regions, which is significantly above the average
fC,abs = 30% for the entire sample. This result agrees
very well with the predictions of McKee & Williams
(1997), who calculated that the fraction of ionizing pho-
tons absorbed by dust increases with ionizing photon
rate in H ii regions. This trend was caused by the higher
ionization fraction lowering the absorption cross-section
of the gas toward ionizing photons.
In Figure 5, we plot fC,abs as a function of the luminos-
ity ratio LTIR/L? (the regions included in Figure 5 are
the same regions used to compute averages in Table 5).
Regions with higher fractions of their stellar luminosi-
ties reprocessed by dust show higher fractions of Lyman
continuum photon absorption.
Given the extreme feedback effects produced by the
radiation and stellar winds of the most massive young
clusters, one might expect that dust grains would be
more efficiently destroyed or evacuated from more lu-
minous regions. Everett & Churchwell (2010) found
that dust must be continually replenished within H ii
regions to produce the observed 24 µm emission. Mc-
Kee & Williams (1997) did not address the question of
whether dust properties vary among different H ii re-
gions. We find no significant depletion of dust among
the more luminous Galactic H ii regions in our sam-
ple, indeed, our results seem to imply the opposite, that
more luminous H ii regions are somehow dustier than
less-luminous ones.
More massive clusters are formed from the densest
clumps within the most massive giant molecular clouds,
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and the high gravitational potential combined with the
self-shielding effects of very dense, dusty gas could pre-
serve massive reservoirs of cold dust within filaments,
pillars, and globules, that are in close proximity to or
even surrounded by ionized gas (see, e.g. Dale & Bon-
nell 2011). Photoevaporation of this cold, dusty gas
could hence provide a readily-available source of dust
replenishment for luminous H ii regions. This is con-
sistent with the observed morphologies of dusty, giant
H ii regions, which feature large cavities filled with hot,
low-density X-ray-emitting plasma surrounded by rela-
tively thin shells traced by both the brightest mid-IR
and radio emission (Townsley et al. 2003; Povich et al.
2007; Townsley et al. 2011). In our sample, M17, W43,
and NGC 3603 exemplify this morphology.
Part of this trend is likely be due to selection bias in
our sample; after all we have targeted IR-bright Galac-
tic MSFRs, not a representative sample of all Galactic
MSFRs. The most massive young clusters are located
at relatively large heliocentric distances in the bright,
crowded reaches of the Galactic midplane, so very mas-
sive clusters that have been cleared of dust (such as
Wd 1) are difficult to identify. But our sample was con-
structed so that the selection biases should be similar to
those of a spatially-resolved, IR observation of a nearby
disk galaxy targeting the brightest compact “knots” of
IR emission (e.g., Calzetti et al. 2007). We have thus in-
cluded a representative sample of regions that are bright
in the IR and sufficiently isolated (none are within 5 kpc
of the Galactic center) that they would stand out among
the brightest compact IR sources in to an external ob-
server of the Milky Way.
5. MONOCHROMATIC LUMINOSITIES AND
PREDICTED STAR FORMATION RATES
Monochromatic luminosities at various IR wave-
lengths have been developed as more convenient substi-
tutes for LTIR to measure SFRs in galaxies, generally
calibrated against extinction-corrected Hα emission as
a proxy for the ionizing photon rate. In this section
we analyze the behavior, among our sample of Galac-
tic MSFRs, of three monochromatic luminosities that
have been widely investigated in the extragalactic con-
text. Monochromatic luminosities reported here are
measured from the SED model luminosities convolved
with the relevant instrumental filter bandpass, which
may differ from the flux density measured directly from
aperture photometry in that bandpass. In the case of
the 24 µm luminosity the direct measure is not avail-
able, as our MSFRs usually saturate the MIPS 24 µm
images. Saturation frequently affects the IRAC 8 µm
flux densities in bright regions as well.
At shorter wavelengths (3 µm . λ . 20 µm), IR
emission from MSFRs is dominated by the emission fea-
tures of PAHs and the warm (>150 K) dust contin-
uum. Not surprisingly, short-wavelength tracers such
as the monochromatic 8 µm luminosity (L8) are inac-
curate, showing large degrees of variability with respect
to metallicity (e.g., Madden 2000; Madden et al. 2006;
Engelbracht et al. 2005, 2008; Draine & Li 2007; Gal-
liano et al. 2008; Gordon et al. 2008; Mun˜oz-Mateos
et al. 2009; Marble et al. 2010) and the shape of the
SEDs (Dale et al. 2005; Calzetti et al. 2007). For these
reasons, L8 is not generally considered a reliable SFR
tracer. The strong ionizing radiation fields of early-type
stars are extremely efficient at destroying PAHs in their
vicinity, thereby reducing their line strength and relative
contribution to L8. Thus, L8 may be a better tracer of
the B-star population in a region than the overall SFR
(Peeters et al. 2004).
The monochromatic 24 µm luminosity (L24) is often
utilized as a SFR tracer (Calzetti et al. 2007). Al-
though the L24/SFR ratio is reasonably consistent on
local scales, it is systematically higher when applied to
starburst galaxies or ULRIGs (Calzetti et al. 2005). In
this intermediate wavelength range (∼20–60 µm), warm
dust (∼50 K) emission transitions from being dominated
by stochastically heated small grains to being dominated
by larger grains in thermal equilibrium. Thus, variations
in L24 are related to the shapes of the observed SED of
the star-forming region, and hence should be sensitive
to the radiation field strength of the ionizing stars and
to the dust temperature.
On ∼500 pc scales in spatially-resolved observations of
nearby galaxies, Calzetti et al. (2007) found a sublinear
relationship between the SFR and L24 (their Equation
9),
SFR24
M yr−1
= (1.3± 0.2)× 10−38
(
L24
erg s−1
)(0.89±0.02)
,
(12)
derived over a luminosity range of 3×106 ≤ (L24/L) ≤
1011.
The non-linearity of this correlation is characteristic of
this tracer (Alonso-Herrero et al. 2006; Pe´rez-Gonza´lez
et al. 2006; Calzetti et al. 2007; Relan˜o et al. 2007; Mur-
phy et al. 2011). Proposed explanations for this trend
invoke increasing dust opacity in star-forming regions
and/or increasing mean dust temperature with increas-
ing L24.
Longward of ∼60 µm, the emission from star-forming
regions is dominated by thermal emission from larger
dust grains at ∼20 K (typically referred to as the “cool”
or “cold” dust component, and represented in our SED
14 Binder & Povich
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Figure 6. The fraction of the monochromatic luminosities
to total luminosity as a function of total luminosity derived
from the global SED fitting. The gray shaded region in each
panel shows the 1σ uncertainty in the average fraction. Wd
1 (open circle and dotted-line error bars) has been excluded
from the fit.
model by the cold blackbody component). Although
heating from lower-mass (and potentially older) stars
contributes more at these cold temperatures than at
shorter wavelengths, the 70 µm luminosity has been
found to be an accurate monochromatic SFR indicator
(Dale et al. 2005). The relationship between SFR and
L70 is linear; using a sample of over 500 star-forming
regions, Li et al. (2010) found
SFR70
M yr−1
= c70 × 10−43
(
L70
erg s−1
)
, (13)
with calibration constant c70 = 0.94, over 1 kpc scales
for 107 . (L70/L) . 1010 (their Equation 4). The
formal uncertainty reported for the calibration constant
was ∼2%. Lawton et al. (2010) found a similar rela-
tionship for dust-obscured H ii regions in the Large and
Small Magellanic Clouds.
In Figure 6 we plot the ratio of these monochromatic
luminosities to LTIR against LTIR for each of the MSFRs
in our sample. On average, we find L8 comprises 17±5%
of the bolometric luminosity of the regions in our sample,
comparable to previous studies of the L8-SFR relation-
ship in other metal-rich, star forming galaxies (Crocker
et al. 2012; Treyer et al. 2010; Elbaz et al. 2011). The
24 µm luminosity accounts for 25±7% of the bolometric
luminosity, and 52±10% of the bolometric luminosity is
emitted at 70 µm. The peak of the IR SEDs almost
always falls near or within the PACS 70 µm band (with
the notable exception of Wd 1, indicated by an open
circle in Figure 6).
We do not observe a trend consistent with increas-
ing dust temperature enhancing L24 as LTIR (or, im-
plicitly, SFR) increases. Our SED modeling similarly
reveals no correlation between fbol (the fraction of lu-
minosity in the warm dust component) and LTIR (Ta-
ble 2). One possible explanation could be that increased
feedback in more luminous regions tends to expel or de-
stroy dust from the immediate vicinity of the early-type
stars, hence the remaining dust persists at larger dis-
tances from the ionizing cluster(s), maintaining cooler
equilibrium temperatures than would be predicted by
models that increase the radiation field without chang-
ing the spatial distribution of dust. While the upper
end of our sampled luminosities overlaps with the lumi-
nosity range studied by Calzetti et al. (2007), we cannot
rule out the possibility the L24–LTIR relation steepens
at higher luminosities, so there is no evident tension be-
tween our results and the extragalactic calibrations.
5.1. Luminosity and the PAH Fraction
The Draine & Li (2007) dust models may provide in-
sight into the physical nature of the dust present in each
star-forming region. Of particular interest is the PAH
fraction required to best-fit the short-wavelength Spitzer
fluxes in the MSFR SEDs. We calculate a luminosity-
weighted average PAH fraction 〈qPAH〉 from our best-fit
SED model (e.g., with the value of qPAH of each dust
component weighted by the luminosity produced by that
component); uncertainties on 〈qPAH〉 are derived from
the uncertainties in the luminosities of each dust com-
ponent.
We observe marginal evidence for a correlation be-
tween the average qPAH and LTIR; brighter regions have
systematically lower average qPAH values. Figure 7
shows the average qPAH as a function of LTIR for each
of the three luminosity categories listed in Table 5, as
well as for the entire MSFR sample. Regions with fully-
populated upper IMFs exhibit the lowest 〈qPAH〉 val-
ues, 2.2±0.5%, compared to regions with some early
O-stars (〈qPAH〉 = 2.8±0.9%) or a single O6-type or
later (〈qPAH〉 = 3.5±1.0%). We caution that the in-
ferred PAH fractions depend on the Draine & Li (2007)
dust models, which assume a canonical extinction law
(RV = 3.1 mag) that may underestimate the dust emis-
sivity at longer wavelengths; the absolute 〈qPAH〉 values,
therefore, may depend on choice of extinction law. The
best-fit relationship between 〈qPAH〉 and LTIR using only
the average quantities for the three MSFR subgroups
(the black dashed line in Figure 7) is given by
〈qPAH〉 = (6.8± 1.4)− (0.7± 0.2)log LTIR (%). (14)
There is no significant difference in the fit parameters
when all MSFRs are used. This correlation may arise
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Figure 7. The average qPAH of MSFRs in our sample sorted
by luminosity subgroup; colors are the same as in previous
figures. Regions with a fully-populated upper IMF have the
lowest median qPAH at (2.2±0.5)%, compared with interme-
diate luminosity regions (e.g., those powered by some early
O stars; 2.8±0.9%) and fainter regions (e.g., those powered
by a single O6 star or later; 3.5±1.0%). The black dashed
line shows the best-fit relationship between 〈qPAH〉 and LTIR
using only the average quantities for the three MSFR sub-
groups; the gray dashed line shows the relationship derived
from all MSFRs.
from weaker radiation fields produced by late O-type
stars being inefficient at destroying a large percentage
of PAH molecules.
5.2. Calibrating SFR Tracers Against Ionizing Photon
Rates of Cataloged Massive Stellar Populations
The Galaxy offers the advantage that the ionizing stel-
lar populations in MSFRs can be resolved at the level
of individual OB stars, with unresolved binary/multiple
systems revealed through spectroscopy. We can there-
fore calibrate SFRs directly against the Lyman contin-
uum photon rate NC expected from the cataloged OB
populations (Tables 3 and 4). Using the Starburst99
population synthesis code (Leitherer et al. 1999) and as-
suming a Kroupa initial mass function (Kroupa & Wei-
dner 2003) the relationship between NC and SFR is
7
SFRLyC
M yr−1
= (7.5× 10−54)NC
s−1
(15)
(Kennicutt et al. 2009; Chomiuk & Povich 2011).
Chomiuk & Povich (2011) caution that this relation-
ship likely underestimates the SFR for the very young
MSFRs in our sample. SFRLyC is the continuous SFR
7 Many studies still use an older calibration based on a Salpeter
IMF from Kennicutt (1998), which increases derived SFRs by a
factor of 1.44 assuming a minimum stellar mass of 0.1 M.
required to maintain “steady state” conditions within
the MSFR in which the ionizing star birth rate equals
the death rate. The lifetime of the ionizing stars is there-
fore assumed in this relationship, and this timescale is
likely to be longer than the duration of star formation
activity in many of the MSFRs in our sample.
Values for SFRLyC in each MSFR computed using
Equation 15 are reported in Table 6; for the six regions
where we have determined that an incomplete massive
stellar census (e.g., where the principal ionizing star
or stars have not yet been identified, marked with a
c in Table 4) we report lower limits. We then assume
SFRLyC for the left-hand side of Equation 13 and sub-
stitute LTIR, L24, or L70 to calculate the calibration
constants cTIR, c24, and c70, respectively. We addition-
ally derive a radio calibration constant cradio from the
Planck radio observations by substituting N ′C into the
right-hand side of Equation 15. Excluding the eight MS-
FRs with incompletely cataloged stellar populations or
very uncertain distances (e.g., those marked with a c or
d in Table 4) and Wd 1, we derive cTIR = 1.2 ± 0.7,
c24 = 3.7± 2.4, c70 = 2.7± 1.4, and cradio = 21.8± 11.4
averaged across 19 Galactic MSFRs. We also computed
median values for each calibration constant and found
that they did not differ significantly from the mean val-
ues.
Using these calibration constants, we computed
SFRTIR (analogous to the Kennicutt et al. 2009 “to-
tal IR” SFR tracer), SFR24, SFR70, and SFRradio for
all MSFRs in our sample. These various SFRs are
presented in Table 6 along with the monochromatic 8,
24, and 70 µm fluxes and luminosities. Comparisons
between each of these IR SFR indicators and SFRLyC
are shown in Figure 8. Not surprisingly, Wd 1 is a
clear outlier, with a predicted SFRTIR that is only ∼6%
SFRLyC. Figure 8 shows that all three IR indicators
begin to overestimate the SFR for SFRLyC . 10−4 M
yr−1, but the SFR derived from the radio observations
does not.
In Figure 9 we compare each of the monochromatic
SFR indicators directly with SFRTIR, which has the ad-
vantage of being independent of distance or knowledge of
ionizing stellar content. Excluded regions in our sample
include both very young, highly embedded H ii regions
for which the massive stellar content is difficult to spec-
troscopically catalog, and older, unobscured regions that
have largely dispersed their dust. Highly-embedded H ii
regions are strong far-IR emitters due to their large frac-
tion of cold dust that remains shielded from the nascent
ionizing clusters, while unobscured regions have little to
no warm dust remaining, although they may externally
illuminate nearby cold, molecular cloud fragments.
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Table 6. Monochromatic Luminosities and SFRs
8 µm 24 µm 70 µm
Name SFRLyC SFRTIR SFRradio Sν L8
L8
LTIR
Sν L24 SFR24
L24
LTIR
Sν L70 SFR70
L70
LTIR
(10−3M
yr
) (10−3M
yr
) (10−3M
yr
) (Jy) (1039
erg
s
) (Jy) (1039
erg
s
) (10−3M
yr
) (Jy) (1039
erg
s
) (10−3M
yr
)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
Flame 0.011±0.005 0.018±0.004 0.007±0.003 5,170 0.03 0.14 22,840 0.04 0.02 0.65 206,760 0.12 0.03 0.08
W40 0.007±0.005 0.018±0.004 0.009±0.005 1,740 0.02 0.12 8,820 0.03 0.01 0.19 72,120 0.09 0.02 0.54
Wd 1 0.48±0.26 0.04±0.02 · · · 280 0.19 0.53 1,000 0.23 0.08 0.63 360 0.03 0.01 0.08
RCW 36 0.014±0.006 0.05±0.01 0.026±0.014 1,720 0.09 0.23 4,930 0.09 0.03 0.22 27,640 0.17 0.05 0.42
Berkeley 87 0.14±0.02 0.08±0.03 0.074±0.039 750 0.10 0.15 3,310 0.15 0.06 0.22 24,040 0.37 0.10 0.65
Orion 0.059±0.023 0.11±0.03 0.044±0.023 25,860 0.19 0.21 110,710 0.28 0.10 0.31 520,060 0.45 0.12 0.49
Lagoon 0.28±0.15 0.14±0.03 0.24±0.13 3,800 0.23 0.19 20,380 0.42 0.15 0.34 73,410 0.51 0.14 0.42
Trifid 0.044±0.005 0.17±0.05 0.33±0.17 3,730 0.41 0.29 3,500 0.13 0.05 0.09 52,010 0.66 0.18 0.46
W42 0.13±0.04 0.17±0.05 0.41±0.22 1,090 0.24 0.16 6,050 0.44 0.16 0.30 25,080 0.62 0.17 0.43
NGC 7538 0.36±0.11 0.26±0.07 0.28±0.15 1,540 0.48 0.21 5,920 0.62 0.23 0.27 28,640 1.03 0.27 0.46
W4 0.86±0.28 0.34±0.03 · · · 1,600 0.36 0.12 4,560 0.34 0.13 0.12 62,330 1.60 0.43 0.55
Eagle 0.37±0.25 0.50±0.14 0.35±0.18 2,110 0.28 0.06 31,110 1.36 0.50 0.32 85,840 1.28 0.43 0.30
W33 0.82±0.18 0.53±0.13 1.00±0.52 1,050 0.27 0.06 8,630 0.74 0.27 0.16 84,340 2.48 0.66 0.55
RCW 38 0.42±0.19 0.54±0.09 0.57±0.30 7,380 0.95 0.21 30,030 1.29 0.47 0.44 154,970 2.29 0.61 0.50
W3 0.44±0.27 0.62±0.14 0.63±0.33 4,160 0.88 0.17 16,950 1.20 0.44 0.23 130,710 3.18 0.85 0.60
NGC 3576a >0.20 0.74±0.05 0.87±0.46 3,060 1.05 0.17 14,400 1.60 0.59 0.41 87,340 3.28 0.87 0.54
NGC 6334a >0.65 1.21±0.28 0.61±0.32 14,990 1.78 0.17 62,090 2.46 0.90 0.24 427,740 5.82 1.55 0.56
G29.96–0.02a >0.32 1.77±0.39 3.36±1.75 1,020 1.76 0.12 4,550 2.61 0.96 0.88 46,620 9.17 2.44 0.62
NGC 6357 2.47±0.26 1.93±0.15 1.40±0.73 21,050 2.98 0.18 100,360 4.85 1.78 0.29 460,600 7.89 2.10 0.45
M17 1.99±0.21 1.99±0.57 1.62±0.84 27,690 4.10 0.24 115,980 5.72 2.10 0.34 441,940 7.49 1.99 0.44
G333 1.03±0.26 2.14±0.58 2.42±1.26 9,190 2.78 0.15 47,350 4.77 1.75 0.26 300,920 10.40 2.76 0.57
W43 3.01±0.62 2.32±0.61 12.53±6.53 1,890 2.56 0.13 10,100 4.55 1.67 0.23 70,790 10.95 2.91 0.56
RCW 49 5.41±1.23 4.03±0.91 5.74±2.99 7,220 6.25 0.18 36,840 10.63 3.89 0.31 172,710 17.10 4.54 0.50
G305a >2.22 6.13±1.67 5.26±2.22 12,380 7.13 0.14 57,890 11.12 4.07 0.21 425,800 28.07 7.46 0.54
W49Aa >4.62 6.97±1.62 8.36±4.36 970 5.65 0.10 4,780 9.26 3.39 0.16 60,760 40.38 10.73 0.68
Carina 6.14±2.24 7.81±2.37 6.33±3.30 34,900 11.29 0.17 203,640 21.96 8.05 0.33 632,930 23.42 6.22 0.35
W51Aa >3.43 7.98±2.17 7.31±3.81 8,620 10.03 0.15 40,450 15.68 5.74 0.23 299,440 39.83 10.58 0.59
NGC 3603 10.4±1.47 10.31±2.86 6.79±3.54 5,840 12.79 0.16 38,870 28.39 10.40 0.34 161,700 40.52 10.77 0.49
aRegions for which massive stellar content remains incompletely cataloged; reported SFRLyC is a lower limit.
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Figure 8. The top panel shows comparisons (from left to right) of SFRTIR, SFR24, SFR70, and SFRradio to SFRLyC. To bottom
panel shows the ratio of the monochromatic luminosity-predicted SFR to SFRLyC, as a function of SFRLyC. The dotted lines
show one-to-one correlations, not fits to the data. Regions with incompletely cataloged massive stellar populations or negligible
obscuration are marked with open circles (as in Figure 4) and excluded from the calculations of the calibration constants (see
text). Colors are as in Figure 6.
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Figure 9. Monochromatic SFR indicators for 24 µm (top),
70 µm (middle), and the radio continuum (bottom) normal-
ized to SFRTIR measured from LTIR. Black points show av-
erage values. Symbols and colors are the same as in Figure 8.
The gray dotted line shows a perfect agreement between the
monochromatic SFR and SFRTIR.
5.3. Comparison to Extragalactic Tracers of
Dust-Obscured SFRs
Using our value of c24 yields SFR24 estimates (as in
Table 6 and Figure 8) that are comparable to those de-
rived from the sub-linear calibration from (Calzetti et al.
2007, their equation 9). Although there is considerable
variation among individual MSFRs, the Galactic and re-
solved extragalactic tracers can be regarded as generally
consistent.
Calzetti et al. (2010) warn that SFR calibrations based
on L24 alone break down when applied to entire galaxies
with L24 < 5×1043 erg s−1, a luminosity range that be-
gins one order of magnitude above the brightest MSFRs
in our sample. Our linear calibration constant c24 is
∼40% higher than the analogous extragalactic calibra-
tions (see references in Calzetti et al. 2010), albeit with
large uncertainties. This is sensible because the average
L24/LTIR ∼ 0.25 (Figure 6) agrees with the upper end
of the range of L24/LTIR measured for whole galaxies by
Calzetti et al. (2010). The mid-IR SEDs of our MSFRs
thus resemble those of dusty, starburst galaxies, where
the 24 µm emission is completely dominated by heating
from young stars. The average star-forming galaxy has a
ratio that is lower by a factor of ∼40%. Astrophysically,
this discrepancy is explained by the increasing contribu-
tion from dust heated by older stellar populations to L24
as SFR decreases, when the IR luminosity is measured
using whole-galaxy apertures.
The effect of increasing the aperture size over which
the IR SEDs are measured becomes far more pronounced
as the IR wavelength considered increases, because older
stellar populations heat dust to lower temperatures than
young stellar populations. Our 70 µm calibration con-
stant (c70) is higher than the value measured by Calzetti
et al. (2010) for whole galaxies by a factor of ∼5.5, a
much greater discrepancy than we find for c24. Mean-
while, our result that on average L70/LTIR = 55% is
in excellent agreement with their measurements of star-
forming galaxies.8
Li et al. (2013) explored the relationship between c70
and physical aperture size and found that an adjust-
ment to c70 is required to ensure consistency of SFR70
on different spatial scales. In Figure 10, we reproduce
their Figure 9, including our significantly smaller, in-
dividual MSFRs (which have ∼15 pc typical physical
aperture size). Our value of c70, calibrated to SFRLyC
from the cataloged massive stellar populations within
our MSFRs, is close to the value predicted by extrapo-
lating the trend from the calibrations of Calzetti et al.
(2010), Li et al. (2010), and Li et al. (2013) to smaller
spatial scales.
Dust absorption produces a 50% reduction in the ion-
izing photon rates compared to the production rates of
Lyman continuum photons in the most luminous Galac-
tic H ii regions. Such IR-luminous regions dominate
the extragalactic calibrations of obscured star formation.
This effect is potentially pernicious because it is very dif-
ficult to separate dust-absorbed from obscured star for-
mation without knowing the ionizing stellar population.
Indeed, the terms “absorbed” and “obscured” in this
context are routinely used interchangeably in the extra-
galactic literature. Here we make the same distinction
as did McKee & Williams (1997). Lyman continuum
photons “absorbed” by dust grains within H ii regions
do not contribute to the ionization of the gas, hence this
absorption reduces both the radio free-free and Hα lumi-
nosity by the same factor. By contrast, “obscuration”
refers to the effects of both absorption and scattering
of photons below the Lyman limit by dust within or
along the line-of-sight to an H ii region, which reduces
8 Excluding luminous IR galaxies (LIRGs), which have system-
atically cooler dust temperatures and hence elevated L70 and L160
at the expense of L24 compared to normal galaxies or most of our
MSFRs.
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Figure 10. The SFR70 calibration constant c70 as a func-
tion of physical size. The solid squares show measurements
of the calibration constant from external galaxies and large,
extragalactic star-forming regions. The solid squares show
the predicted calibration constants for continuous star form-
ing populations (Li et al. 2010, 2013). The estimated average
SFR70 calibration constant for our regions (with an average
size of ∼15 pc) is shown by the solid circle.
the observed Hα but does not affect the radio contin-
uum. The empirical attenuation corrections typically
applied to recombination-line studies of external galax-
ies account for the obscuration affecting visible/near-IR
photons (see the definition of “attenuation” provided
by Kennicutt et al. 2009), but if they fail to completely
correct for Lyman continuum photons absorbed by dust
within the H ii regions the resulting SFR calibrations
will underestimate the true obscured SFRs.
This dust absorption systematic is most important for
smaller, IR-bright star-forming regions (such as our sam-
ple) and likely becomes insignificant for most galaxy-
wide studies.9 For larger-scale galactic sub-regions and
more evolved stellar populations, the contributions of
unobscured H ii regions and Lyman continuum photons
that have escaped from obscured H ii regions come to
dominate the measured SFRs.
6. SUMMARY & CONCLUSIONS
We have presented a comprehensive study of the glob-
ally integrated IR-radio emission of 28 Galactic MSFRs.
We fit the 3.6 µm–10 mm spectral SEDs constructed
from aperture photometry on Spitzer, MSX, IRAS, and
Herschel images plus Planck extended sources with mod-
els consisting of one or two Draine & Li (2007) dust com-
9 In the case of starburst galaxies or (U)LIRGs the potential
impact is unclear. In the latter case it is generally preferable to as-
sume 100% obscured star-formation and hence base SFRs directly
on LTIR from population synthesis models, avoiding intermediate
calibrations based on Hα.
ponents, one cold blackbody component, and a power-
law continuum. From our SED model fits and adopted
distances to each MSFR we derive the total IR luminos-
ity LTIR and ionizing photon rate N
′
C required to main-
tain each radio H ii region. Our sampled MSFRs span
three orders of magnitude in luminosity, ranging over
104 L . LTIR . 2 × 107 L in dust-reprocessed total
infrared luminosity and 3×1047 s−1 . N′C . 5×1050 s−1
in ionizing photon rate required to maintain the ob-
served radio H ii regions.
Modeling the IR+radio SED simultaneously offers
considerable advantages over studying either the IR or
radio emission alone. The free-free continuum is negli-
gible at shorter mid-IR wavelengths. Although the true
ionized gas spectrum departs from a pure power law at
short wavelengths, this is unlikely to significant impact
our results (e.g., the power law continuum contributes
at most a few percent of the total flux at 3.6 µm see Fig-
ure 2). However, the incorporation of the Brα emission-
line flux at 4.5 µm, constrained by the radio spectrum,
has enabled an improved (although still not perfect) fit
to the Spitzer [4.5] mid-IR band compared to models
based on dust emission alone (Stephens et al. 2014).
We searched the literature to compile lists of the
known massive stellar population in each MSFR to esti-
mate the stellar bolometric luminosity (L?) and emitted
Lyman continuum photon rate (NC). We balance the
“energy budget” in each MSFR in terms of the ratios
LTIR/L? and N
′
C/NC . In 10/28 MSFRs the emergent
dust-processed luminosity in the SED exceeds the bolo-
metric luminosity input by the cataloged stars, leading
us to conclude that the census of the massive stellar
population is incomplete.
Our main results are summarized as follows:
1. A significant fraction (fC,abs) of Lyman contin-
uum photons emitted by massive stars is absorbed
by dust before contributing to the ionization of
H ii regions. This absorption increases with bolo-
metric luminosity; fC,abs = 34% averaged across
the 14 MSFRs for which it could be calculated
and increases to 51% averaged over the 4 most
luminous MSFRs in our sample, which average
LTIR = 10
7 L each (Table 5). This empirical
result agrees well with the theoretical predictions
of McKee & Williams (1997), who calculated that
the dust opacity in giant H ii regions increases
with ionizing photon luminosity, reaching an aver-
age 〈fC,abs〉 = 0.46 for Galactic radio H ii regions
with N ′C > 1.5× 1050 s−1.
2. We calculate an average PAH fraction from our
dust models and find that it is systematically
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higher in regions that are powered by a single O6-
type star or later, with lower PAH fractions ob-
served in regions will fully populated upper IMFs.
This radiation fields in these lower-luminosity H ii
regions are relatively weak, and inefficient at de-
stroying PAH molecules.
3. We calibrate SFRs based on the monochromatic
luminosities L24 and L70 from our SED mod-
els against the Lyman continuum photon rates of
the cataloged massive stars in each region. We
find that standard extragalactic calibrations of
monochromatic SFRs based on population synthe-
sis models are generally consistent with our values,
although there is large variation among the 28 in-
dividual MSFRs in our sample. Our results are
consistent with the Calzetti et al. (2007) 24 µm
calibration, and an extrapolation of the Li et al.
(2013) 70 µm SFR to the smaller size scales of the
Galactic regions is broadly consistent our SFRs.
4. The preferred monochromatic luminosity for mea-
suring obscured SFRs is L70, which captures, on
average, 52% of LTIR in our regions, a result that
is in excellent agreement with comparable extra-
galactic studies (e.g., Calzetti et al. 2010).
SFR studies using Galactic radio H ii regions have
long included corrections for Lyman continuum pho-
tons lost to dust absorption (Smith et al. 1978; Inoue
et al. 2001; Murray & Rahman 2010; Lee et al. 2012).
Such corrections are typically not incorporated into ex-
tragalactic calibrations, as most Hα emission observed
on galaxy-wide scales originates from regions with neg-
ligible dust. Other SFR tracers, such as integrated UV
emission, that do not rely on Lyman continuum photon
rates avoid this issue entirely. However, dust absorption
becomes significant for spatially-resolved studies of ob-
scured star formation. While current, widely-used cal-
ibrations of obscured SFRs account for Lyman contin-
uum photons that escape into the diffuse ISM by using
a combination of recombination lines and IR broadband
emission (e.g Calzetti et al. 2007; Kennicutt et al. 2009),
these calibrations could be biased toward low SFRs at
the smallest spatial scales and/or highest dust obscura-
tions.
The IR and radio SFR calibrations presented in this
work are preferred for application to Milky Way studies
over the analogous extragalactic calibrations, given the
orders-of-magnitude differences in timescales, physical
sizes, and luminosities separating whole galaxies from
individual Galactic star-forming regions. Systematics
due to heating of dust by older stellar populations are
most pronounced for the total IR or L70 SFR tracers.
The Calzetti et al. (2007) L24 calibration, which was
based on individual IR-bright knots in nearby galaxies,
is most consistent with our L24 calibration, and both ap-
pear to give reasonable results when applied to Galactic
regions with sufficiently high IR luminosities (see Vuti-
salchavakul et al. 2016, whose sample of Galactic star-
forming regions overlaps with the low-luminosity end
of our sample). Even within the Milky Way, our cal-
ibrations would likely break down when applied to star-
forming clouds that are either too low-mass or too early
in their evolution to have formed massive stars ioniz-
ing radio H ii regions (Vutisalchavakul & Evans 2013;
Povich et al. 2016).
Thermal radio continuum has been relied upon over
the past four decades to measure the total ionizing pho-
ton rate of the Milky Way and hence the Galactic SFR
(Chomiuk & Povich 2011; Kennicutt & Evans 2012,
and references therein). We have demonstrated, across
nearly three orders of magnitude in luminosity, that the
average ionizing photon rate required to maintain the
ionization of radio H ii regions is only one-third of the
Lyman continuum photon rate emitted by the massive
stellar content of these regions. It is therefore impor-
tant to account for both the escape of Lyman contin-
uum photons from compact radio H ii regions and their
absorption by dust within the H ii regions to derive
accurate SFRs or simply to infer the ionizing stellar
populations within radio H ii regions. For example,
the work by Murray & Rahman (2010) to measure the
Galactic SFR using free-free emission measured by the
Wilkinson Microwave Anisotropy Probe (WMAP) used
the calculations of McKee & Williams (1997) to cor-
rect their Lyman continuum photon rates for dust ab-
sorption. This absorption correction seems appropriate,
and because WMAP measured free-free emission across
Galactic scales the escape of ionizing photons would be
negligible. For smaller, less-luminous H ii regions such
as those studied by Vutisalchavakul et al. (2016), neither
absorption nor escape of Lyman continuum photons can
be safely neglected.
Our comparisons of Galactic and extragalactic SFR
calibrations required that we assume a standard con-
version of Lyman continuum photon rates to absolute
SFR based on population synthesis models. While it is
encouraging to see convergence between the IR nebu-
lar SFR tracers in the Galactic and extragalactic cases,
Chomiuk & Povich (2011) warned that the assumed star
formation timescale in this conversion is likely to be too
long by a factor of a few compared to the actual duration
of star formation in individual, IR-bright regions, hence
such calibrations likely underestimate the true absolute
SFRs. In future work we will measure SFRs directly
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from the spatially resolved low- and intermediate-mass
stellar populations to provide a more direct, empirical
SFR calibration for the IR and radio nebular tracers.
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APPENDIX
A. THE MASSIVE STAR-FORMING REGION SAMPLE
Here we discuss details of the individual MSFRs, in order of increasing LTIR.
• The Flame Nebula: The Flame Nebula (NGC 2024) includes both a dense cluster and the Horsehead Nebula,
located in the Orion B molecular cloud near the Orion Belt star η Ori. Although it is often assumed to lie at
the same distance as the Orion Nebula (Menten et al. 2007), our distance estimate from the Gaia DR2 database
(Gaia Collaboration et al. 2018) is somewhat closer (0.33±0.01 kpc). A dark lane of cloud material obscures our
view of the central cluster at optical wavelengths, with an average cluster extinction of AV ∼ 10 mag (Skinner
et al. 2003). The most luminous star in the cluster, NGC 2024 IRS 2b, is an extended, embedded infrared
source, and its spectral type is uncertain. Our measured ionizing photon rate N ′C ∼ 3 × 1047 s−1 is broadly
consistent with previous estimates of (4.6±0.7)×1047 s−1 derived from 1667 MHz measurements by Barnes et al.
(1989, corrected for the different distance assumed in that work). The spectral type of the principal ionizing
star, IRS 2b, is only constrained to be late-O or early-B type (Bik et al. 2003). We therefore calculate NC for
the Flame Nebula assuming an O8 V, O9 V, or B0 V spectral type for the star, obtaining 3.1× 1048, 1.5× 1048,
and 8.2× 1047 s−1, respectively. The corresponding fraction of emitted stellar light that is reprocessed by dust
in each case is 43%, 68%, and 108%, respectively. Given these estimates, we favor the late-O-type interpretation
of IRS 2b, and assume a spectral type of O9 V for this star.
• W40: The W40 H ii region is associated with the molecular cloud G28.74+3.52 in the Aquila Rift (Westerhout
1958; Zeilik & Lada 1978). The H ii region is powered by a a late-O star that is likely responsible for blowing the
∼4 pc bubble observed in wide-field infrared images (Shuping et al. 2012). The known stellar content of W40 was
taken from Shuping et al. (2012), and produces an ionizing photon rate NC = 9.5 × 1047 s−1. These estimates
are consistent with a previous upper limit of 1.5×1048 s−1 predicted by Goss & Shaver (1970) and Smith et al.
(1985) based on radio observations. Our distance estimate using Gaia parallaxes is 0.49±0.05 kpc, in excellent
agreement with the distance estimated by Shuping et al. (2012). More than half of the emitted stellar luminosity
is reprocessed by dust.
• Westerlund 1: Wd 1 has been intensively studied for its large, diverse population of evolved massive stars
(Crowther et al. 2006; Ritchie et al. 2009; Clark et al. 2011), and Hubble Space Telescope observations have
recently resolved its extremely rich, low-mass pre-main sequence population (Andersen et al. 2017). We adopt
the 3.9 kpc distance derived by Koumpia & Bonanos (2012) from massive eclipsing binary systems. Although
Wd 1 is indisputably one of the most massive clusters in the Galaxy, it has already lost its most massive initial
members to supernovae, and much of the remaining massive stellar population consists of yellow hypergiants, WR
Galactic Massive Star Forming Regions 21
stars, and red supergiants. The present-day bolometric luminosity and particularly Lyman continuum photon
rates of Wd 1 are consequently much less than those of other comparably massive, but younger MSFRs included
in our sample. We use the cataloged massive stellar population from Clark et al. (2005) to derive estimates of
L? and NC . Virtually all of the original nebula has been dispersed by massive stellar feedback, likely including
supernovae, and there is circumstantial evidence from Spitzer images that feedback from Wd 1 has disrupted a
Galactic-scale massive molecular cloud filament that extends for several hundred pc along the Scutum-Centaurus
spiral arm at the same heliocentric distance (Goodman et al. 2014). The current IR nebulosity is dominated
by optically-thick wind emission from the evolved massive stars (Dougherty et al. 2010), making Wd 1 unique
among our sample, and its SED models are commensurately unusual, peaking near 24 µm with a much suppressed
cool dust continuum at longer wavelengths. The radio continuum in Planck is unmeasurably low. We find that
Wd 1 is an extreme outlier in our analysis of monochromatic IR SFRs, and we caution that individual MSFRs
occupying the same transient phase of massive cluster evolution could be misinterpreted in spatially-resolved IR
or radio studies of obscured star formation in external galaxies.
• RCW36: RCW 36 is an hourglass-shaped H ii region. We measure a distance to RCW 36 from Gaia parallaxes
of 1.09 kpc, marginally more distant than the ∼700 pc found by Baba et al. (2004). It is powered primarily by two
late-O type stars in an embedded cluster (Ellerbroek et al. 2013; Minier et al. 2013). Interstellar material appears
to have been cleared away by already formed massive stars on either side of the cluster, and Hα observations have
revealed a dense, ionized shell ∼1.8 pc in extent (Rodgers et al. 1960). A complex, ring-like structure observed
by Baba et al. (2004) and Minier et al. (2013) has been interpreted as the initial ionization of the surrounding
molecular cloud by the central cluster and young stellar objects (Ellerbroek et al. 2013), leading to the expansion
of the H ii region and the emergence of bright rims, pillars, and triggered star formation. We estimate an ionizing
photon rate N ′C ∼ 1× 1048 s−1 from the Planck observations. This is roughly consistent with the value derived
from 4.8 GHz observations by Whiteoak & Gardner (1977). Nearly all of the stellar luminosity is reprocessed by
local dust, albeit with large uncertainties on N ′C/NC and LTIR/L?.
• Berkeley 87: Berkeley 87 is a sparse grouping of early-type stars. We estimate a distance to Berkeley 87 of 1.74
kpc using Gaia parallaxes, somewhat farther away than the 950±26 pc estimated by Turner & Forbes (1982)
using stars the western edge of the Cygnus X complex (Cong 1977). It appears to be associated with a group
of compact H ii regions, and is notable for containing the a rare type of Wolf-Rayet star (WR 142 Stephenson
1966; Sanduleak 1971; van der Hucht et al. 1981). In addition, Polcaro et al. (2006) estimate Berkeley 87 hosts
∼8 late-O type stars. The current evolved massive stars in this region may not have been the most massive stars
to form with this cluster.
• The Orion Nebula: The Orion Nebula is the best-studied MSFR in the Galaxy, due to its close proximity
to Earth (we estimate 0.41 kpc from Gaia parallaxes, consistent with the 414±17 pc estimate from Menten
et al. 2007). The Orion Nebula Cluster (ONC), and especially the Trapezium group, is the dominant source
of ionizing radiation that has produced the blister cavity on the surface of the parent molecular cloud (O’Dell
2001; O’dell 2001). Due to their young age (∼1.1 Myr; Getman et al. 2014), none of the stars in the ONC
have evolved into the Wolf-Rayet phase or undergone supernovae. The Planck radio observations support this
picture; we measure a radio spectral index consistent with free-free emission, and the measured ionizing photon
rate N ′C ∼ 2 × 1048 s−1 roughly agrees with previous estimates of 5–8×1048 s−1 (Condon 1992), derived from
1–25 GHz measurements of the most luminous portions of the OB1d region (Felli et al. 1993; van der Werf &
Goss 1989). Using the stellar populations cataloged by Voss et al. (2010), we estimate an ionizing photon rate
from the ONC of NC = 7.7× 1048 s−1.
• The Lagoon Nebula: The Lagoon Nebula (M8) is illuminated by the massive star cluster NGC 6530, which
contains &1100 members (Damiani et al. 2004, 2006; Prisinzano et al. 2005, 2007). The nebula lies in the
Sagittarius-Carina arm, close to the Trifid Nebula and the supernova remnant W28. The predicted Lyman
continuum photon rate from the stellar content (Skiff 2009) is NC = 3.7× 1049 s−1, which is roughly three times
higher than our observed N ′C = (1.1±0.2)×1049 s−1. Meanwhile, Lagoon is moderately obscured, with ∼30% of
the stellar luminosity reprocessed by dust, implying fC,abs ∼ 0. Three additional early-B-type candidates with
were found by Povich et al. (2017); we include them in our analysis for consistency with other MSFRs, but this
increases the predicted ionizing photon rate and stellar luminosity by just ∼2% and ∼10%, respectively.
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• The Trifid Nebula: The Trifid Nebula (M20) is an active star-forming region near the Galactic center, and
harbors one of the youngest known star clusters (Cernicharo et al. 1998; Rho et al. 2008). The ionization of the
H ii region is dominated by HD 164492, a multiple star system composed of O7 V, B6 V, A2 Ia, and possibly a Be
star (Rho et al. 2004, 2006). A blue reflection nebula can be seen at optical wavelengths ∼10′ north of HD 164492.
The distance to the Trifid Nebula is still debated, with estimates ranging from 1.67 kpc (Lynds et al. 1985) to
2.8 kpc (Kohoutek et al. 1999), and even shorter distances (816 pc and 1093 pc) were estimated by Kharchenko
et al. (2005). Using Gaia parallaxes, we estimate a distance to the Trifid Nebula of 1.57±0.21 kpc, and find a
bolometric luminosity of (3.7±1.1)×105 L and an ionizing photon rate of (1.5±0.4)×1049 s−1 from the Planck
observations. These estimates exceed the predicted NC and L? from the observed stellar population by more
than a factor of two. Our estimated distance to the Trifid Nebula may be an overestimate, especially since it is
derived from measurements of a single star. Although Povich et al. (2017) identify three new OB candidates in
the vicinity of the Trifid Nebula, these stars are likely too far from the nebula to contribute significantly to the
observed luminosity or ionizing photon rate from the region.
• W42: W42 is an obscured giant H ii region (also known as G25.38–0.18) with a projected location toward the
near end of the Galactic central bar. We adopt a distance to the W42 complex of 2.2 kpc, which was inferred
by Blum et al. (2000) assuming that the principal ionizing star is a zero-age main sequence O5–6 V. This is
considerably closer than the kinematic distance estimate of ∼3.7 kpc (Anderson & Bania 2009), but the larger
distance would make our measured luminosity inconsistent with the cataloged massive stellar population. Spitzer
imaging has revealed a bipolar nebula several parsecs wide. The evolved, supermassive cluster RSGC1 (Figer
et al. 2006) is located near the end of the bar, at a significantly larger distance than W42 but with a projected
separation only 6.8′ to the southeast (RSGC1 appears as the cluster of bright, blue stars to the lower-right of
W42 in Figure ??). We therefore only measure the radio flux towards W42 at 100 GHz and 70 GHz, and assume
a spectral index of -0.1. Only the normalization is used to estimate N ′C . Assuming the W42 H ii region is
ionized principally by a O5 V star with a contribution from a B0 V star (Blum et al. 2000), we estimate a Lyman
continuum flux NC = 1.7×1049 s−1. This means ∼100% of the emitted stellar luminosity is reprocessed by dust.
• NGC 7538: NGC 7538 in the Perseus spiral arm is an H ii region that has been well mapped across multiple
wavelength regimes, from the optical to the submillimeter (Momose et al. 2001; Ungerechts et al. 2000; Yao
et al. 2000; Campbell & Persson 1988; Balog et al. 2004). VLBA observations of 12 GHz methanol masers
were used to determine a distance to NGC 7538 of 2.65+0.12−0.11 kpc (Moscadelli et al. 2009). The region can be
divided into multiple prominent centers for star formation activity, aligned from northwest to southeast. It
hosts massive stars and young stellar objects in a variety of early evolutionary stages, including at least eleven
high-luminosity infrared sources (NGC 7538 IRS 1–11 Kameya et al. 1990). The northwest region contains IRS
4–6 and corresponds to the optical H ii region; IRS 6, an O6–7 star, is likely the principal source of ionizing
photons for this region (Wynn-Williams et al. 1974; Moreno & Chavarria-K. 1986; Ojha et al. 2004). The most
extensive, current star-forming activity is likely occurring in the central region, which surrounds IRS 1-3 (Ojha
et al. 2004). The principal star in this region is IRS 2, which is thought to be either an O5 V (Ojha et al. 2004;
Luisi et al. 2016) or O3 V (Puga et al. 2010); we adopt the O5 V type. From the known stellar population of
NGC 7538, we estimate NC = 4.7× 1049 s−1.
• W4: The W4 H ii region is an example of a candidate Galactic chimney powered by the massive star cluster
OCl 352 (Normandeau et al. 1996). The chimney is thought to have formed from a superbubble powered by
the central star cluster (Basu et al. 1999). Terebey et al. (2003) found a swept-up, inhomogeneous and partially
ionized shell of gas and dust surrounding OCl 352; an ionized halo provides direct evidence of significant Lyman
continuum leakage. Before extracting a surface brightness profile and performing aperture photometry on this
region, we first masked out the circular aperture region for W3.
• The Eagle Nebula: The Eagle Nebula (M16) is located in the Sagittarius-Carina. We estimate a distance
to the Eagle Nebula of 1.71±0.18 kpc from Gaia parallaxes, consistent with the distance of 1.75 kpc found by
Guarcello et al. (2007). The H ii region is powered by the NGC 6611 cluster, which contains numerous OB stars
and is largely concentrated within the central cavity of the molecular cloud (Dufton et al. 2006). We cannot rule
out the possibility that supernovae have already occurred in the region (Flagey et al. 2011). We estimate an
ionizing photon rate N ′C of (1.6±0.4)×1049 s−1 from the Planck observations, in agreement with previous 15.4
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GHz observations by Felli & Churchwell (1970). Using only the previously cataloged OB stars associated with
NGC 6611 yields LTIR/L? ≈ 0.56, which seems reasonable given the morphology of the nebula, with its large,
open cavity and famous, visibly-revealed pillars. Povich et al. (2017) identify seven X-ray emitting candidate
OB stars associated with the Eagle Nebula. Some of these candidates are likely unassociated contaminants;
specifically, Eagle-1, 3, and 7 from Povich et al. (2017) are located at large off-axis angles and corresponding
large PSFs in the Chandra imaging, making mismatches with field giants likely. We therefore only include four
of the seven (Povich et al. 2017) OB candidates in our analysis. This increases the ionizing photon rate to
NC = 4.3 × 1049 s−1. We therefore assume that these stellar candidates do indeed contribute to the ionization
of the Eagle Nebula, and include them in our analysis.
• W33: W33 is located in the inner Galactic Plane at a distance of ∼2.4 kpc (Immer et al. 2013). Haschick &
Ho (1983) discovered an obscured proto-cluster containing a number of late-O to early-B stars through radio
observations, and recently Messineo et al. (2015) presented a near infrared spectroscopic survey of bright stars
in the region. We measure a radio spectral index α = −0.09 ± 0.01, consistent with thermal free-free emission.
PSR J1813–1749, one of the youngest and most energetic pulsars in the Milky Way (Halpern et al. 2012), is
found to be in close proximity (in projection) to W42, as is the associated pulsar wind nebula HESS J1813–178
(Helfand et al. 2007; Messineo et al. 2008). However, the lack of evidence for non-thermal contamination in the
radio continuum suggests that this pulsar is unlikely to be significantly interacting with W42. From the known
massive stellar population of W33, we estimate NC = 1.1 × 1050 s−1. The dust-processed luminosity measured
from our SED modeling is LTIR = (1.2 ± 0.3) × 106 L, consistent with the ∼8 × 105 L estimated by Immer
et al. (2014). The ionizing photon rate from the radio observations is ∼43% the value expected from the known
massive stars in the region, while we estimate ∼60% of the emitted stellar luminosity is reprocessed by the dust.
• RCW 38: The RCW 38 cluster is a relatively nearby (1.7±0.9 kpc; Schneider et al. 2010) site of active high-mass
star formation containing more than a thousand members (Wolk et al. 2006). Using a combination of X-ray,
infrared, and radio observations, Wolk et al. (2006) identified 31 candidate OB stars, four of which are likely
earlier than B2. Two additional OB candidates were found in Povich et al. (2017), but are consistent with ∼B2 V
stars and therefore have minimal impact on the energy budget of the region. The energy output of the associated
cluster is dominated by the bright source IRS 2, which is a likely O5-O5 binary (DeRose et al. 2009). Additional
OB star candidates (Wolk et al. 2006, their Table 13) are significantly fainter, with luminosities corresponding
to ∼O9.5 or later. Based on these OB candidates, we include two O9.5 stars (their sources 112 and 251) and one
B2 star (their source 396), although these are unlikely to have a significant impact on the derived L? and NC
values for the region. Given the young age of RCW 38 (≤1 Myr), we assume all stars are on the main sequence.
This yields NC=3.5×1049 s−1. We measure an ionizing photon rate N ′C of (2.6±0.1)×1049 s−1 from the Planck
observations.
• W3: W3 is a prominent MSFR that has undergone at least three episodes of recent star formation. The sequential
star formation observed in W3 may have been triggered by the expansion of the neighboring W4 H ii region
(Lada et al. 1978; Thronson et al. 1985). VLBI parallaxes to H2O masers by Hachisuka et al. (2006) place the
region at a distance of 2.04 kpc; this is consistent with our distance estimate from Gaia parallaxes of 2.18±0.12
kpc. We measure a thermal radio spectral index, in contrast to the 0.7–6 cm radio continuum measurements of
the W3 hypercompact H ii region by Wilson et al. (2003), who found significant departures from thermal free-free
emission and suggested a synchrotron origin for the radio emission. An estimate of the ionizing photon rate of
1.4 × 1049 s−1 from previous radio continuum measurements can be inferred from Wilson et al. (2003), which
broadly agrees with the N ′C = (2.9± 0.2)× 1049 s−1 we measure from Planck observations. The stellar content
of this region is summarized in Navarete et al. (2011) and Povich et al. (2017); using the known stellar content
of W3 yields an expected Lyman continuum photon rate of 4.5 × 1049 s−1. Five additional spectroscopically
confirmed or candidate OB stars were identified by Kiminki et al. (2015) and Povich et al. (2017); when these
stars are included, the Lyman continuum rate increases to NC = 5.9 × 1049 s−1 and the stellar luminosity is
L? = 1.7× 106 L. These estimates suggest that ∼82% of the emitted stellar luminosity is reprocessed by dust
in the region, a number that likely reflects a mixture of the stellar contributions from the highly-embedded W3
Main cluster, which dominates the IR SED, and the adjacent, unobscured IC 1795 association.
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• NGC 3576: NGC 3576 is an optically faint H ii region (Goss & Radhakrishnan 1969), powered by an apparently
embedded massive stellar cluster (5.4×103 M; Figuereˆdo et al. 2002; Maercker et al. 2006). It sits ∼30
′
west of
NGC 3603 but at significantly closer distance – we estimate a distance of 2.77±0.31 kpc from Gaia parallaxes,
consistent with the ∼2.8 kpc found by de Pree et al. (1999) – so the two regions are likely associated with
different spiral arms. Despite its numerous cluster members, Figuereˆdo et al. (2002) and Barbosa et al. (2003)
have noted the currently known OB star content is insufficient to account for the strength of the radio emission
from NGC 3576. A strong, north-south outflow has been observed in both radio and Hα observations of the
region (de Pree et al. 1999; Muller et al. 1998). The angular separation between NGC 3576 and NGC 3603 is
less than the beam size FWHM of Planck at low frequencies, leading to significant confusion when measuring the
radio spectral index. We therefore fix the radio spectral index α to the thermal value of -0.1 for both regions.
There is a nearby young pulsar PSR J1112-6103 (Manchester et al. 2001); although its distance is not known, its
apparent placement within an infrared bubble extending northward from NGC 3576 and the apparent filling of
this cavity with hard X-rays (Townsley et al. 2011, 2014) suggests a possible cavity supernova remnant. Previous
radio measurements by Goss & Shaver (1970) suggest an ionizing photon rate 1.6×1050 s−1, significantly higher
than the ∼4×1049 s−1 implied by our Planck measurements; it is possible the Goss & Shaver (1970) estimates
at 5 GHz suffered from contamination from the nearby pulsar. The known stellar content of NGC 3576 (Skiff
2009; Wenger et al. 2000; Ma´ız Apella´niz et al. 2016) can only account for roughly half the measured LTIR. Six
additional candidate OB stars were found by Povich et al. (2017). Including these stars brings our estimates of
both N ′C/NC and LTIR/L? closer to values found for other regions, but is still insufficient to explain the radio
and infrared observations of the H ii region. It is therefore likely that several important ionizing stars within the
NGC 3576 cluster have yet to be identified, equivalent to ∼4 canonical O5 V stars. Due to the incompleteness
of the known stellar content, we do not include this region in the portions of our analysis that require reliable
estimates of the stellar content, and we cannot estimate fC,abs.
• NGC 6334: NGC 6334 (the Cat’s Paw Nebula) is a site of extensive and rapid star formation at a distance
of 1.63±0.16 kpc (from Gaia parallaxes) in Scorpious. It is connected by a long, dusty filamentary structure to
NGC 6357 (Russeil et al. 2010, 2012), and the multiple-component giant H ii region complex is powered by several
massive young stellar clusters, most of them obscured by or embedded within a long, dusty filament oriented
parallel to the Galactic midplane (Persi et al. 2000). Hot, X-ray emitting gas pervades the giant H ii region,
with a large bipolar outflow that shows a striking correlation with the bubble structures revealed by Spitzer
(Townsley et al. 2014). Using only the previously cataloged OB stars associated with NGC 6334 yields a Lyman
continuum comparable to the value measured from the radio continuum observations but fails to produce a stellar
luminosity comparable to the observed bolometric luminosity of the H ii region by a factor of ∼5. When the ten
OB candidates found in Povich et al. (2017) are included, the ionizing photon rate becomes NC = 1.1×1050 s−1,
which reduces the N ′C/NC to ∼0.7 and gives LTIR/L? ∼ 2.3. The OB candidates therefore help move the energy
budget in NGC 6334 in the direction of balance, but additional ionizing stars (or reclassification of the principal
ionizing stars to earlier spectral types) are clearly required to explain the bolometric luminosity. We therefore
exclude NGC 6334 from the parts of our analysis that require knowledge of the stellar content. The N ′C/NC
ratio would be driven lower by the discovery of additional ionizing stars, meaning that significant absorption of
Lyman continuum photons by dust is likely.
• G29.96–0.02: G29.96–0.02 is an ultracompact H ii region complex (Wood & Churchwell 1989; Cesaroni et al.
1994; De Buizer et al. 2002) with active, ongoing star formation (Beltra´n et al. 2013). There is disagreement on
the distance to the H ii region; following Beltra´n et al. (2011) we adopt a distance of 6.2 kpc, although Pratap
et al. (1999) have estimated distances from 4.2 to 9 kpc. Townsley et al. (2014) found, surprisingly, large-scale
diffuse X-ray emission surrounding the embedded massive young cluster, indicating that the young massive stars
in the cluster are beginning to pierce their natal cloud and affect the surrounding hot ISM. Although only one
massive star is bright enough in the infrared to have its spectral type estimated (equivalent of an O5-6 dwarf,
Watson & Hanson 1997; Mart´ın-Herna´ndez et al. 2003), models of the G29.96–0.02 region indicate that a cluster
of young stars must be present to account for its observed luminosity (Lumsden et al. 2003). The predicted
Lyman continuum flux was estimated by Beltra´n et al. (2013) to be 1.08×1050 s−1 from SED models of Herschel
data alone. The lone catalogued star in the G29.96–0.02 cluster (which we assume has a spectral type O5) cannot
provide the bolometric luminosity (LTIR ∼ 4× 106 L); we estimate LTIR/L? ∼ 5.4 (Table 4). Even assuming a
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closer distance to the H ii region of 4.2 kpc (Pratap et al. 1999) would not resolve the discrepancy. The missing
stellar input luminosity is equivalent to ∼20 or ∼7 canonical O5 V stars assuming distances of 6.2 kpc or 4.2 kpc,
respectively. Given the obvious incompleteness of the stellar content, we exclude this region from the portions
of our analysis that require reliable estimates of the massive stellar content.
• NGC 6357: NGC 6537 appears to be associated with the same giant molecular cloud complex as NGC 6334
(Russeil et al. 2010); our distance estimate of 1.78±0.18 kpc from Gaia parallaxes supports this picture. At least
three massive, young stellar clusters have blown parsec-scale H ii region bubbles through the large NGC 6357
molecular cloud complex, and a prominent 60′ diameter shell can be seen opening away from the Galactic plane
in Hα (Lortet et al. 1984; Cappa et al. 2011). This shell can be interpreted as a proto-superbubble, blown
by a now-dissolved older stellar cluster and supernovae that resulted from its most massive stars (Wang et al.
2007; Townsley et al. 2014). The presence of diffuse X-rays and a Wolf-Rayet star within the Hα shell supports
this interpretation. Using only the previously cataloged OB stars associated with NGC 6357 yields an ionizing
photon rate of 2.7×1050 s−1; this is comparable to previous estimates of (1.4–3.3)×1049 s−1 based on the stellar
content from Cappa et al. (2011, and references therein). Povich et al. (2017) identified twenty candidate OB
stars belonging to NGC 6357, twelve of which have been spectroscopically confirmed as massive stars. When
these new stars are included, L? increases by ∼40%. We find that ∼ 61% of the emitted stellar luminosity is
reprocessed by local dust.
• M17: M17 (also known as the Omega or Swan Nebula) is one of the brightest infrared and radio sources in
the sky, comparable in both brightness and age to the Orion Nebula (Povich et al. 2007; Getman et al. 2014),
but ∼5 times more distant (Xu et al. 2011, and this work). The H ii region is ionized by the open cluster
NGC 6618, which contains over 100 OB stars (Lada et al. 1991) including at least four O4 V stars (Chini et al.
1980; Hoffmeister et al. 2008). The H ii region forms a blister erupting from the side of the giant molecular cloud
M17 SW. Bright, “V”-shaped nebular bars of ionized gas and dust surround the central cluster (Povich et al.
2007), and the cavity between the bars is almost completely evacuated and filled with X-ray emitting plasma
that exits the eastern opening in a “champagne flow” (Townsley et al. 2003, 2014). An older stellar association
containing O and B-type (super)giants has produced a large, diffuse H ii region, M17 EB, immediately to the
north of M17 (Povich et al. 2009, 2017). Using only the previously cataloged OB stars associated with M17
would give NC = 2.2 × 1050 s−1. Three additional OB candidates found in Povich et al. (2017) had spectral
types earlier than B2 confirmed with follow-up spectroscopy; we include these candidates for completeness, but
their impact on the derived NC and L? are minimal.
• G333: Despite being one of the brightest MSFRs regions in the southern sky at long wavelengths, the G333
complex is almost completely obscured at optical wavelengths (Rank et al. 1978). It hosts a compact, young
massive star cluster within its core-halo structure (Aitken et al. 1977; Retallack & Goss 1980; Fujiyoshi et al.
2005). We performed aperture photometry on the three brightest embedded H ii regions in the G333 complex.
More than 500 additional X-ray sources have been found in the regions surrounding the young cluster, and diffuse
X-ray emission pervades the entire region (Townsley et al. 2014). Fujiyoshi et al. (2005) undertook a broadband,
near-infrared imaging study of G333.6–0.2; however, spectroscopic observations are needed to securely identify
the spectral types of the stars. The luminosity of of the G333 complex is equivalent to fifteen O5 V stars,
which would yield N ′C/NC ∼ 0.44, consistent with the other MSFRs in our sample. Due to the ambiguity in
the stellar population, we assume five O5 V equivalents in Table 4 (Fujiyoshi et al. 2005), and do not include
the G333 complex in the portions of our analysis that require reliable estimates of the stellar content. Townsley
et al. (2014) note the remarkable similarity between the embedded cluster in G333.6–0.2 to the one found in
NGC 3576, including the strong extinction gradient (AV ∼ 12–36 mag), the “champagne flow” of diffuse X-ray
emission spilling from the central cluster and eroding the natal cloud, and the “distributed” population of stars
around the central embedded cluster that likely formed during a previous episode of star formation within the
cloud. The evident erosion of the surrounding molecular cloud is consistent with our finding that approximately
half of the stellar luminosity escapes from this apparently embedded cluster. It is possible that the H ii region
forms a blister that faces away from Earth, and we have a disadvantaged sightline from behind the remaining
molecular cloud.
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• W43: W43 is a highly-obscured (AV ∼ 30 mag, Blum et al. 1999), giant H ii region at a heliocentric distance
of 5.5 kpc (based on VLBI parallaxes of masers toward the region Reid et al. 2009; Zhang et al. 2014). It
is powered by a cluster of OB and Wolf-Rayet stars. High-resolution 1-8 GHz VLA observations of the W43
ionizing cluster revealed non-thermal radio sources (Luque-Escamilla et al. 2011); however at the higher Planck
frequencies and larger angular scales have shown W43 to be dominated by synchrotron emission. The ionizing
cluster is spatially coincident with the very high energy gamma ray source HESS J1848–018 (Chaves & for
the H. E. S. S. Collaboration 2009); winds from very massive stars in the cluster may accelerate electrons to
relativistic speeds (e.g., van Loo 2005), and/or supernova remnants may contribute to the high-energy and radio
synchrotron emission (Romero et al. 2007). Spectroscopic studies by Blum et al. (1999) and Luque-Escamilla
et al. (2011) have identified the most luminous star in W43 is a WN7 + O4 III binary; the central cluster also
contains an O3.5 V + O4 V binary and an O3.5 III star. Six later-type OB giant stars and three Wolf-Rayet
stars are also listed in the SIMBAD database (Wenger et al. 2000) and included in our analysis. The stellar
content of W43 hence produces an estimated NC∼4.0× 1050 s−1 and L? = 7.1× 106 L. Our radio continuum
measurements yield an N ′C value ∼40% higher than the expected stellar Lyman continuum rate.
• RCW49: RCW 49 (NGC 3247) is a luminous Southern Galactic H ii region (Paladini et al. 2003) ionized by
the very massive, compact cluster Westerlund 2. Wd 2 contains dozens of O stars (Wenger et al. 2000). The
distance to the region has been a subject of historical debate, with estimates ranging from 2.3 kpc (Brand & Blitz
1993; Whiteoak & Uchida 1997) to 7.9 kpc (Moffat et al. 1991). Radio recombination line observation toward
RCW 49 indicate a kinematic distance between 2.2–5.8 kpc (Wilson et al. 1970; Caswell & Haynes 1987). Recent
studies of the stellar content using the Hubble Space Telescope (Vargas A´lvarez et al. 2013; Zeidler et al. 2015)
have converged near the ∼4.0 kpc distance adopted by Churchwell et al. (2004). Using Gaia DR2 parallaxes,
we estimate a distance to RCW 49 of 4.4 kpc (albeit with a large uncertainty, ∼1.0 kpc). Spitzer images of the
region reveal a complex nebular structure filaments, knots, pillars, and bow shocks (Churchwell et al. 2004). The
large bubble surrounding Wd 2 has been almost entirely evacuated of dust and gas by the winds and radiation of
massive stars, while a second cavity to the southwest contains the massive eclipsing binary system WR 20a. We
measure an ionizing photon rate of 2.4×1050 s−1 from the Planck 30–100 GHz observations. We use the spectral
classifications from Vargas A´lvarez et al. (2013) and Moffat et al. (1991) to estimate NC = 5.6 × 1050 s−1 and
L? = 10
7 L. These estimates include the massive Wolf-Rayet binary system WR20 which, although technically
not part of the Wd 2 cluster, is likely to contribute significantly to the energy budget of RCW 49.
• G305: The G305 complex is located a distance of 3.59±0.85 kpc (estimated from Gaia parallaxes, which is
consistent with ∼4 kpc from Clark & Porter 2004) in the Scutum-Crux spiral arm. It consists of several giant
and compact H ii regions, and one ultracompact H ii region (Hindson et al. 2013) powered by the open clusters
Danks 1 and 2, and the Wolf-Rayet star WR 48a (Danks et al. 1984). The ionizing stars located in Danks 1 and
2 are driving the expansion of a large cavity into the surrounding molecular cloud, and ongoing star formation
occurs along the rim of this cavity (Clark & Porter 2004; Davies et al. 2012). Numerous Wolf-Rayet stars are
found in these very rich clusters. We measure N ′C = (2.0± 0.3)× 1050 s−1 from the Planck observations, in good
agreement with the 5.5 GHz measurement of 2.4× 1050 s−1 from Hindson et al. (2013). The cataloged massive
stellar population (Davies et al. 2012) provides NC = 2.9× 1050 s−1 and L? = 6.7× 106 L, which can account
for the observed radio emission but not our the total infrared luminosity. Given the likely incompleteness in the
stellar content of G305, it is not included in portions of our analysis requiring reliable NC and L?.
• W49A: W49A is the most distant (∼11.4 kpc; Gwinn et al. 1992) MSFR in our sample, and also one of the most
luminous and massive (L > 107 L and M ∼ 106 M Ward-Thompson & Robson 1990; Sievers et al. 1991). The
region is undergoing vigorous star formation (Roberts et al. 2011). W49A is optically obscured (AV > 20 mag,
Alves & Homeier 2003; Homeier & Alves 2005), surrounded by both local molecular cloud material (Mufson &
Liszt 1977; Simon et al. 2001) and additional clouds associated with the Sagittarius spiral arm, which crosses
the line-of-sight to the region twice (Plume et al. 2004). Roughly one hundred O star candidates have been
identified in W49A (Alves & Homeier 2003; Homeier & Alves 2005), and a recent spectroscopic survey by Wu
et al. (2016) confirmed spectral classifications for 22 massive stars and young stellar objects that are members
of the central cluster. We measure N ′C ∼ 3.8 × 1050 s−1 from the Planck observations, marginally lower than
previously reported values (9.8×1050 s−1 and ∼1051 s−1 by Kennicutt 1984 and Gwinn et al. 1992, respectively).
We use the spectroscopically identified massive stars from Wu et al. (2016), as well as additional massive stars
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listed in SIMBAD (Wenger et al. 2000) for our analysis. The bolometric luminosity inferred from our SED
modeling (LTIR ∼ 1.6× 107 L) is ∼48% higher than the expected integrated stellar luminosity, a discrepancy
equivalent to ∼17 missing canonical O5 V stars. Given the evident incompleteness of the massive stellar census
our estimated N ′C/NC = 0.63 is an upper limit. Galva´n-Madrid et al. (2013) inferred a large ionizing photon
leakage rate, but we caution that this would require the addition of an even larger number of new ionizing stars,
given the high dust-reprocessed luminosity of the region. Due the incomplete census of massive stars in W49A,
we exclude this region from portions of our analysis requiring reliable estimates of the massive stellar content.
• The Carina Nebula: The Carina Nebula is one of the most famous and active regions of star formation
in the Milky Way, containing more than 200 massive OB stars (Gagne´ et al. 2011), over 1,400 young stellar
objects (Povich et al. 2011), and >104 cataloged stellar members (Broos et al. 2011b,a). Smith (2006) took a
direct census of the energy input from the known OB stars in the Carina Nebula, while Smith & Brooks (2007)
examined the global properties of the surrounding nebulosity, and recently Alexander et al. (2016) obtained
spectroscopic observations of 141 known and 94 candidate OB stars in the Carina complex, confirming 23 new
massive stars. Many of these OB stars are contained within several dense clusters, including Trumpler (Tr) 14,
Tr 16, Tr 15, Bochum (Bo) 10, and Bo 11. Energy input to the Carina complex is dominated by Tr 16, which
hosts the famous luminous blue variable binary η Carinae (Duncan et al. 1995; Damineli et al. 2000; Corcoran
2005). At present times, the dense, optically thick stellar wind (Hillier et al. 2001; Smith et al. 2003a) and
surrounding dusty Homunculus nebula absorbs nearly all ionizing radiation from η Car itself and processes it
into infrared radiation (Cox et al. 1995; Smith et al. 2003b). However, before entering its current evolutionary
phase, η Car likely contributed ∼20% of all UV radiation to the Carina complex (Smith 2006; Smith & Brooks
2007). Following Smith (2006), we assume an O5 V spectral type for the η Car companion. In addition to η Car,
three WNL stars reside in Tr 16; when on the main sequence, these three stars plus η Car presumably had O2
spectral types, which contributed significantly to the ionization of the Carina complex over the 2–3 Myr lifetime
of Tr 16. The prototypical O2 If* supergiant HD 93129A resides in Tr 14, a smaller and more compact stellar
cluster than Tr 16. The open cluster Tr 15 contains several massive stars (see Smith 2006; Smith & Brooks 2007;
Alexander et al. 2016), including Tr15-18, which we assume has a spectral type O8 I. Bo 10 and 11 are relatively
meager clusters, each containing a handful of stars. Most notable is the Wolf-Rayet star HD 92809 in Bo 10, and
HD 93632 in Bo 11, which has a spectral type of O4.5 III.
Using Gaia parallaxes, we find the distance to the Carina Nebula to be 2.69±0.40 kpc. For the current state of the
Carina Nebula, (Smith & Brooks 2007) estimate a total Lyman continuum photon rate of 9×1050 s−1, in excellent
agreement with our own estimate of NC = 9.4 × 1050 s−1 using the updated spectroscopic and photometric
results from Alexander et al. (2016). Our measured bolometric luminosity of the Carina Nebula, LTIR =
(1.8± 0.5)× 107 L is in good agreement with the Smith & Brooks (2007) value of ∼1.2× 107 L, and accounts
for ∼77% of the known stellar luminosity. The radio continuum from the Planck 30–100 GHz observations
predicts a marginally lower ionizing photon rate than previously reported, N ′C = (2.9±0.3)×1050 s−1. Multiple,
independent lines of evidence indicate that supernovae have already occurred in the Carina Complex, including
the discovery of a neutron star (Hamaguchi et al. 2009), a depleted upper IMF in Tr 15 (Wang et al. 2011), and
the high luminosity of the diffuse X-ray emission filling the Carina H ii region (Townsley et al. 2011). Note that
we have assumed that η Car contributes nothing to the present-day NC , but in reality any Lyman continuum
photons emitted by the LBV and its companion that are reprocessed by the Homunculus will be included in our
measured LTIR.
• W51A: The W51 giant molecular cloud complex located in the Carina-Sagittarius spiral arm consists of numerous
bright, extended infrared and radio sources (Kumar et al. 2004). We focus on the W51A H ii region, which is the
site of one of the most spectacular examples of recent massive star formation in the Galaxy. Just the principal
massive young embedded stellar cluster, G49.5–0.4, contains >30 O stars (Okumura et al. 2000). We adopt
a distance of 5.1+2.9−1.4 kpc based on maser parallax measurements by Xu et al. (2009), which is a high relative
uncertainty for a parallax distance. Spectrophotometric distances of O stars by Figuereˆdo et al. (2008) imply a
considerably closer distance, 2.0± 0.4 kpc, while kinematic distance estimates (Conti & Crowther 2004; Russeil
2003) give ∼5.5 kpc, consistent with the maser parallax. Figuereˆdo et al. (2008) estimate their cataloged massive
stars produce an ionizing photon rate of 1.5×1050 s−1. We further include the spectroscopically cataloged massive
stars from Okumura et al. (2000) in our analysis, which increases NC to 4.3×1050 s−1 and L? to 9.1×106 L. The
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bolometric luminosity of the W51A H ii region is a factor of ∼2 higher than predicted for the cataloged stellar
population, or ∼30 O5 V star equivalents. Given the distance uncertainty and likely incompletely cataloged
stellar population in W51A, we do not include W51A in our analysis.
• NGC 3603: NGC 3063 is a giant H ii region located in the Galactic plane. The dense cluster and surrounding
nebula bear a striking morphological similarity to R136 in the 30 Doradus region of the Large Magellanic cloud,
and, along with W49A, NGC 3603 is frequently noted as one of the most massive H ii regions in the Milky Way
(Eisenhauer et al. 1998). Although near on the sky to NGC 3576, is it much more distant, at 7 kpc from the Sun
(Moffat 1983; Moffat et al. 1994; Drissen et al. 1995; Brandl et al. 1999). We use the spectroscopic classifications
from Melena et al. (2008) and Crowther & Dessart (1998) to estimate NC = 1.4×1051 s−1 and L? = 2.3×107 L.
Due to confusion with NGC 3576 at low Planck frequencies, we assume a (fixed) radio spectral index α = −0.1 in
our SED modeling and estimate N ′C from the 100 GHz and 70 GHz frequencies only. Simultaneously modeling
the Herschel SPIRE and Planck observations allows us to decompose the relative contributions from dust and
the free-free continuum at these frequencies. NGC 3603 is the most luminous MSFR in our sample, and we find
LTIR/L? ∼ 100%. Given that the nebular morphology reveals at least one narrow, blowout channel toward the
northwest (Figure ??), it is likely that some fraction of the stellar luminosity does escape the region, so there
may be additional massive stars or unresolved binary systems remaining to be classified in this very rich cluster.
B. SUPPLEMENTAL TABLES
We provide a summary of the second-best fit SED models for each region (Table 7) and the fluxes measured through
our aperture photometry (Table 8; available electronically from the journal).
Table 7. Global SED Second-Best Model Fits
Name U1 qPAH,1 Umin,2 Umax,2 qPAH,2 fbol 1-γ LTIR TBB α fBrα ∆χ
2
r
(%) (%) (%) (10−5) 106 (L) (K) (%)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
Flame 105 2.50 0.50 105 3.90 37 5.8±0.4 0.05±0.01 35.6±5.3 -0.10±0.01 2 +0.007
W40 105 2.50 · · · · · · · · · 25 · · · 0.05±0.01 26.2±1.1 -0.10±0.01 2 +0.092
Wd 1 105 4.58 1.00 105 3.90 100 74.5±16.7 0.10±0.03 7.7±1.2 · · · · · · +0.097
RCW36 105 3.90 0.50 105 4.58 46 5.4±0.8 0.12±0.02 25.9±1.8 -0.09±0.01 3 +0.102
Berkeley 87c 105 0.47 0.50 105 4.58 44 5.4±0.8 0.17±0.03 27.7±1.3 -0.10±0.02 10 +0.040
Orionc 105 3.19 0.50 105 1.77 62 7.5±0.3 0.24±0.06 33.9±1.9 -0.10±0.02 26 +0.051
Lagoona,c 105 2.50 0.50 105 0.47 78 5.4±0.8 0.34±0.10 30.0±1.4 -0.08±0.01 14 +0.074
Trifid 103 3.19 0.50 103 4.58 84 5.0±0.8 0.37±0.15 20.5±3.1 -0.08±0.01 6 +0.027
W42 105 3.19 0.50 105 1.12 62 5.2±0.3 0.38±0.08 26.2±0.6 -0.10 (fixed) 21 +0.004
NGC 7538b 105 4.58 0.50 105 2.50 58 5.0±0.2 0.59±0.12 27.2±1.5 -0.09±0.01 7 +0.055
W4c 105 3.90 0.50 105 4.58 27 5.0±0.8 0.76±0.12 24.7±0.9 · · · · · · +0.192
Eaglec 105 1.12 · · · · · · · · · 38 · · · 0.92±0.29 22.4±2.0 -0.08±0.02 84 +1.733
W33 105 0.47 0.50 105 1.77 29 5.4±0.3 1.18±0.29 25.7±1.6 -0.08±0.01 32 +0.116
RCW 38 105 1.77 0.50 105 3.90 56 5.0±0.2 1.23±0.27 30.4±1.0 -0.10±0.02 6 +0.046
W3c 105 2.50 0.50 105 3.90 50 4.8±0.2 1.31±0.24 32.4±1.0 -0.10±0.01 7 +0.032
NGC 3576 105 1.77 0.50 105 4.58 51 5.7±0.2 1.51±0.37 30.5±2.7 -0.10 (fixed) 15 +0.060
NGC 6334c 105 4.58 0.50 105 0.47 55 5.1±0.2 2.75±0.68 30.0±2.6 -0.10±0.01 5 +0.022
G29.96–0.02 105 4.58 0.50 105 1.12 38 4.9±0.4 3.92±0.96 30.2±2.0 -0.10 (fixed) 14 +0.001
NGC 6357 105 0.47 0.50 105 3.90 58 5.0±0.8 4.48±1.31 27.7±2.6 -0.10 (fixed) 7 +0.047
M17 105 2.50 0.50 105 3.90 66 5.8±0.3 4.56±1.22 32.5±4.9 -0.10±0.02 5 +0.030
G333.6–0.02 105 3.90 0.50 105 1.77 52 5.9±0.9 4.91±1.48 37.2±5.6 -0.08±0.01 18 +0.009
W43 105 2.50 0.50 105 3.90 46 5.5±0.8 5.05±1.17 28.3±1.7 -0.10±0.01 50 +0.004
RCW49 105 1.77 0.50 105 3.19 61 5.0±0.2 9.05±1.56 34.2±1.0 -0.11±0.01 10 +0.019
G305 105 1.12 0.50 105 3.90 45 4.9±0.7 13.31±3.62 26.0±1.6 -0.11±0.02 8 +0.075
W49A 105 3.90 0.50 105 1.12 31 5.3±0.2 15.90±4.18 30.4±4.6 -0.11±0.02 17 +0.043
Carina 104 2.50 0.50 104 1.77 93 30.7±3.6 16.36±4.98 29.0±4.4 -0.07±0.01 5 +0.565
W51A 105 3.90 0.50 105 1.12 48 5.8±0.3 17.97±3.39 32.1±1.4 -0.10±0.01 9 +0.021
NGC 3603 105 1.77 0.50 105 1.77 62 9.3±0.3 20.33±5.69 37.4±5.6 -0.10 (fixed) 8 +0.526
Note—aMissing Herschel PACS observations. bMissing Spitzer [5.8] and [8.0] observations. cSpitzer observations not used in
fit due to incomplete coverage of the region.
Galactic Massive Star Forming Regions 29
REFERENCES
Aitken, D. K., Griffiths, J., & Jones, B. 1977, MNRAS, 179,
179
Alexander, M. J., Hanes, R. J., Povich, M. S., & McSwain,
M. V. 2016, AJ, 152, 190
Alonso-Herrero, A., Rieke, G. H., Rieke, M. J., et al. 2006,
ApJ, 650, 835
Alves, J., & Homeier, N. 2003, ApJL, 589, L45
Andersen, M., Gennaro, M., Brandner, W., et al. 2017,
A&A, 602, A22
Anderson, L. D., & Bania, T. M. 2009, ApJ, 690, 706
Andre´, P., Men’shchikov, A., Bontemps, S., et al. 2010,
A&A, 518, L102
Baba, D., Nagata, T., Nagayama, T., et al. 2004, ApJ, 614,
818
Balog, Z., Kenyon, S. J., Lada, E. A., et al. 2004, AJ, 128,
2942
Barbosa, C. L., Damineli, A., Blum, R. D., & Conti, P. S.
2003, AJ, 126, 2411
Barnes, P. J., Crutcher, R. M., Bieging, J. H., Storey,
J. W. V., & Willner, S. P. 1989, ApJ, 342, 883
Basu, S., Johnstone, D., & Martin, P. G. 1999, ApJ, 516,
843
Beichman, C. A., Chester, T. J., Skrutskie, M., Low, F. J.,
& Gillett, F. 1998, PASP, 110, 480
Beltra´n, M. T., Cesaroni, R., Neri, R., & Codella, C. 2011,
A&A, 525, A151
Beltra´n, M. T., Olmi, L., Cesaroni, R., et al. 2013, A&A,
552, A123
Bendo, G. J., Joseph, R. D., Wells, M., et al. 2003, AJ, 125,
2361
Benjamin, R. A., Churchwell, E., Babler, B. L., et al. 2003,
PASP, 115, 953
Berriman, G. B., Kong, M., Good, J. C., et al. 2002, in
Astronomical Society of the Pacific Conference Series,
Vol. 281, Astronomical Data Analysis Software and
Systems XI, ed. D. A. Bohlender, D. Durand, & T. H.
Handley, 63
Bik, A., Lenorzer, A., Kaper, L., et al. 2003, A&A, 404, 249
Blum, R. D., Conti, P. S., & Damineli, A. 2000, AJ, 119,
1860
Blum, R. D., Damineli, A., & Conti, P. S. 1999, AJ, 117,
1392
Boudet, N., Mutschke, H., Nayral, C., et al. 2005, ApJ, 633,
272
Brand, J., & Blitz, L. 1993, A&A, 275, 67
Brandl, B., Brandner, W., Eisenhauer, F., et al. 1999,
A&A, 352, L69
Broos, P. S., Getman, K. V., Povich, M. S., et al. 2011a,
ApJS, 194, 4
Broos, P. S., Townsley, L. K., Feigelson, E. D., et al. 2011b,
ApJS, 194, 2
Broos, P. S., Getman, K. V., Povich, M. S., et al. 2013,
ApJS, 209, 32
Calzetti, D., Kennicutt, Jr., R. C., Bianchi, L., et al. 2005,
ApJ, 633, 871
Calzetti, D., Kennicutt, R. C., Engelbracht, C. W., et al.
2007, ApJ, 666, 870
Calzetti, D., Wu, S.-Y., Hong, S., et al. 2010, ApJ, 714,
1256
Campbell, B., & Persson, S. E. 1988, AJ, 95, 1185
Cappa, C. E., Barba´, R., Duronea, N. U., et al. 2011,
MNRAS, 415, 2844
Carey, S. J., Noriega-Crespo, A., Mizuno, D. R., et al.
2009, PASP, 121, 76
Carlstrom, J. E., & Kronberg, P. P. 1991, ApJ, 366, 422
Caswell, J. L., & Haynes, R. F. 1987, Australian Journal of
Physics, 40, 215
Cernicharo, J., Lefloch, B., Cox, P., et al. 1998, Science,
282, 462
Cesaroni, R., Olmi, L., Walmsley, C. M., Churchwell, E., &
Hofner, P. 1994, ApJL, 435, L137
Chaves, R. C. G., & for the H. E. S. S. Collaboration. 2009,
ArXiv e-prints, arXiv:0907.0768
Chini, R., Elsaesser, H., & Neckel, T. 1980, A&A, 91, 186
Chomiuk, L., & Povich, M. S. 2011, AJ, 142, 197
Churchwell, E., Whitney, B. A., Babler, B. L., et al. 2004,
ApJS, 154, 322
Churchwell, E., Babler, B. L., Meade, M. R., et al. 2009,
PASP, 121, 213
Clark, J. S., Negueruela, I., Crowther, P. A., & Goodwin,
S. P. 2005, A&A, 434, 949
Clark, J. S., & Porter, J. M. 2004, A&A, 427, 839
Clark, J. S., Ritchie, B. W., Negueruela, I., et al. 2011,
A&A, 531, A28
Cohen, M., Parker, Q. A., Green, A. J., et al. 2007, ApJ,
669, 343
Condon, J. J. 1992, ARA&A, 30, 575
Cong, H. I. L. 1977, PhD thesis, National Aeronautics and
Space Administration. Goddard Space Flight Center,
Greenbelt, MD.
Conti, P. S., & Crowther, P. A. 2004, MNRAS, 355, 899
Corcoran, M. F. 2005, AJ, 129, 2018
Coupeaud, A., Demyk, K., Meny, C., et al. 2011, A&A,
535, A124
Cox, P., Mezger, P. G., Sievers, A., et al. 1995, A&A, 297,
168
Crocker, A., Krips, M., Bureau, M., et al. 2012, MNRAS,
421, 1298
30 Binder & Povich
T
a
b
le
8
.
P
h
o
to
m
etry
D
a
ta
F
o
r
A
ll
M
a
ssiv
e
S
ta
r-F
o
rm
in
g
R
eg
io
n
s
R
e
g
io
n
C
e
n
te
r
(l,
b
)
S
p
itze
r
M
S
X
IR
A
S
H
e
r
sc
h
e
l
P
la
n
c
k
(J
2
0
0
0
)
B
a
n
d
S
ν
(J
y
)
B
a
n
d
S
ν
(J
y
)
B
a
n
d
S
ν
(J
y
)
B
a
n
d
S
ν
(J
y
)
B
a
n
d
r
a
p
( ◦
)
S
ν
(J
y
)
(1
)
(2
)
(3
)
(4
)
(5
)
(6
)
(7
)
(8
)
(9
)
(1
0
)
(1
1
)
(1
2
)
(1
3
)
IR
A
C
1
(3
.6
µ
m
)
···
A
(8
.2
8
µ
m
)
1
2
,8
3
0±
1
0
0
1
2
µ
m
2
4
,2
5
0±
1
0
3
P
A
C
S
7
0
µ
m
6
3
3
,4
1
0±
1
7
,2
7
0
1
0
0
G
H
z
0
.3
8
1
1
0±
2
0
(2
0
9
.0
1
3
,
IR
A
C
2
(4
.5
µ
m
)
···
C
(1
2
.1
3
µ
m
)
2
5
,4
8
0±
1
5
0
2
5
µ
m
1
1
3
,3
5
0±
1
4
0
P
A
C
S
1
6
0
µ
m
5
0
5
,7
0
0±
1
9
,9
7
0
7
0
G
H
z
0
.3
8
1
1
0±
2
O
rio
n
-1
9
.3
7
5
)
IR
A
C
3
(5
.8
µ
m
)
···
D
(1
4
.6
5
µ
m
)
2
9
,8
4
0±
9
0
6
0
µ
m
3
8
1
,7
1
0±
8
8
0
S
P
IR
E
2
5
0
µ
m
9
3
,8
6
0±
1
,1
3
0
4
4
G
H
z
0
.4
5
1
2
0±
3
IR
A
C
4
(8
.0
µ
m
)
···
E
(2
1
.3
µ
m
)
1
5
7
,4
6
0±
1
3
0
1
0
0
µ
m
4
5
8
,8
2
0±
1
,8
1
0
S
P
IR
E
3
5
0
µ
m
4
2
,6
5
0±
5
6
0
3
0
G
H
z
0
.5
4
1
3
0±
6
S
P
IR
E
5
0
0
µ
m
1
4
,7
3
0±
2
2
0
IR
A
C
1
(3
.6
µ
m
)
3
8
0±
6
0
A
(8
.2
8
µ
m
)
5
,4
7
0±
7
5
1
2
µ
m
6
,6
6
0±
5
0
P
A
C
S
7
0
µ
m
2
0
1
,7
7
0±
3
,0
5
0
1
0
0
G
H
z
0
.2
7
2
2±
9
(2
0
6
.5
1
2
,
IR
A
C
2
(4
.5
µ
m
)
3
1
0±
5
0
C
(1
2
.1
3
µ
m
)
7
,4
1
0±
1
4
0
2
5
µ
m
2
6
,8
9
0±
9
0
P
A
C
S
1
6
0
µ
m
1
8
0
,3
6
0±
1
3
,3
6
0
7
0
G
H
z
0
.2
7
1
6±
1
F
la
m
e
-1
6
.3
4
9
)
IR
A
C
3
(5
.8
µ
m
)
6
1
0±
9
0
D
(1
4
.6
5
µ
m
)
4
,4
0
0±
9
0
6
0
µ
m
1
7
1
,4
9
0±
2
7
0
S
P
IR
E
2
5
0
µ
m
3
2
,3
1
0±
2
,2
5
0
4
4
G
H
z
0
.4
5
2
3±
2
IR
A
C
4
(8
.0
µ
m
)
4
,8
0
0±
7
2
0
E
(2
1
.3
µ
m
)
1
8
,8
8
0±
1
1
0
1
0
0
µ
m
2
0
9
,3
8
0±
1
,0
5
0
S
P
IR
E
3
5
0
µ
m
1
5
,0
8
0±
1
,3
2
0
3
0
G
H
z
0
.5
4
2
6±
5
S
P
IR
E
5
0
0
µ
m
4
,5
8
0±
5
1
0
IR
A
C
1
(3
.6
µ
m
)
2
0
0±
2
3
A
(8
.2
8
µ
m
)
3
,1
6
0±
1
3
0
1
2
µ
m
3
,8
1
0±
9
0
P
A
C
S
7
0
µ
m
8
0
,2
8
0±
6
,6
7
0
1
0
0
G
H
z
0
.3
7
1
1±
7
(2
8
.7
3
7
,
IR
A
C
2
(4
.5
µ
m
)
2
2
0±
2
2
C
(1
2
.1
3
µ
m
)
4
,5
4
0±
2
5
0
2
5
µ
m
8
,9
3
0±
1
3
0
P
A
C
S
1
6
0
µ
m
1
1
4
,7
2
0±
2
5
,6
5
0
7
0
G
H
z
0
.3
7
1
2±
3
W
4
0
3
.4
7
7
)
IR
A
C
3
(5
.8
µ
m
)
2
0
0±
3
2
D
(1
4
.6
5
µ
m
)
2
,3
6
0±
1
4
0
6
0
µ
m
7
5
,5
5
0±
7
2
0
S
P
IR
E
2
5
0
µ
m
3
9
,0
0
0±
3
,2
1
0
4
4
G
H
z
0
.4
5
1
3±
4
IR
A
C
4
(8
.0
µ
m
)
2
,4
1
0±
2
5
0
E
(2
1
.3
µ
m
)
5
,9
6
0±
3
2
0
1
0
0
µ
m
1
0
5
,0
9
0±
2
,7
0
0
S
P
IR
E
3
5
0
µ
m
1
8
,5
9
0±
1
,7
5
0
3
0
G
H
z
0
.5
4
1
8±
7
S
P
IR
E
5
0
0
µ
m
7
,2
0
0±
7
1
0
IR
A
C
1
(3
.6
µ
m
)
9
1±
7
A
(8
.2
8
µ
m
)
9
9
0±
8
0
1
2
µ
m
1
,3
4
0±
7
0
P
A
C
S
7
0
µ
m
3
8
,8
4
0±
2
,4
5
0
1
0
0
G
H
z
0
.2
7
9±
5
(2
6
5
.1
5
6
IR
A
C
2
(4
.5
µ
m
)
6
8±
4
C
(1
2
.1
3
µ
m
)
1
,5
8
0±
1
4
0
2
5
µ
m
4
,4
8
0±
1
0
0
P
A
C
S
1
6
0
µ
m
4
6
,8
5
0±
9
,1
9
0
7
0
G
H
z
0
.2
7
6±
1
R
C
W
3
6
1
.4
4
9
)
IR
A
C
3
(5
.8
µ
m
)
5
2
0±
2
0
D
(1
4
.6
5
µ
m
)
1
,0
3
0±
6
0
6
0
µ
m
3
7
,1
8
0±
3
3
0
S
P
IR
E
2
5
0
µ
m
1
6
,7
3
0±
1
,8
4
0
4
4
G
H
z
0
.4
5
9±
3
IR
A
C
4
(8
.0
µ
m
)
1
,1
7
0±
7
0
E
(2
1
.3
µ
m
)
3
,7
5
0±
1
3
0
1
0
0
µ
m
4
1
,5
3
0±
1
,4
1
0
S
P
IR
E
3
5
0
µ
m
8
,7
4
0±
1
,0
6
0
3
0
G
H
z
0
.5
4
8±
5
S
P
IR
E
5
0
0
µ
m
3
,6
7
0±
4
3
0
IR
A
C
1
(3
.6
µ
m
)
2
2
0±
6
8
A
(8
.2
8
µ
m
)
2
,3
2
0±
3
7
0
1
2
µ
m
2
,9
9
0±
4
4
0
P
A
C
S
7
0
µ
m
4
3
,8
8
0±
1
1
,8
3
0
1
0
0
G
H
z
0
.2
8
2
7±
1
(7
.0
0
1
,
IR
A
C
2
(4
.5
µ
m
)
2
1
0±
6
0
C
(1
2
.1
3
µ
m
)
3
,4
4
0±
6
5
0
2
5
µ
m
4
,1
9
0±
6
2
0
P
A
C
S
1
6
0
µ
m
1
2
2
,2
8
0±
5
6
,3
3
0
7
0
G
H
z
0
.2
8
3
4±
2
T
rifi
d
-0
.2
7
1
)
IR
A
C
3
(5
.8
µ
m
)
1
,0
8
0±
3
3
0
D
(1
4
.6
5
µ
m
)
1
,7
3
0±
3
4
0
6
0
µ
m
3
5
,7
4
0±
4
,5
0
0
S
P
IR
E
2
5
0
µ
m
4
3
,7
5
0±
9
,8
5
0
4
4
G
H
z
0
.4
5
6
0±
1
0
IR
A
C
4
(8
.0
µ
m
)
3
,4
2
0±
5
3
0
E
(2
1
.3
µ
m
)
2
,4
1
0±
4
2
0
1
0
0
µ
m
7
7
,6
1
0±
1
3
,3
6
0
S
P
IR
E
3
5
0
µ
m
1
9
,5
2
0±
4
,5
1
0
3
0
G
H
z
0
.5
4
5
4±
2
7
S
P
IR
E
5
0
0
µ
m
7
,0
8
0±
1
,6
0
0
IR
A
C
1
(3
.6
µ
m
)
2
3±
3
A
(8
.2
8
µ
m
)
6
4
0±
4
0
1
2
µ
m
1
,0
8
0±
4
0
P
A
C
S
7
0
µ
m
2
0
,4
9
0±
1
,2
7
0
1
0
0
G
H
z
0
.1
6
6±
3
(7
5
.8
0
9
,
IR
A
C
2
(4
.5
µ
m
)
2
4±
4
C
(1
2
.1
3
µ
m
)
1
,1
2
0±
7
0
2
5
µ
m
3
,5
7
0±
6
0
P
A
C
S
1
6
0
µ
m
2
8
,0
0
0±
5
,1
5
0
7
0
G
H
z
0
.2
2
7±
2
B
e
rk
e
le
y
8
7
0
.4
0
1
)
IR
A
C
3
(5
.8
µ
m
)
1
2
0±
1
8
D
(1
4
.6
5
µ
m
)
9
0
0±
5
0
6
0
µ
m
2
0
,6
1
0±
2
3
0
S
P
IR
E
2
5
0
µ
m
9
,0
6
0±
7
1
0
4
4
G
H
z
0
.4
5
1
3±
7
IR
A
C
4
(8
.0
µ
m
)
3
5
0±
5
0
E
(2
1
.3
µ
m
)
2
,6
3
0±
7
0
1
0
0
µ
m
3
5
,9
5
0±
4
9
0
S
P
IR
E
3
5
0
µ
m
4
,4
2
0±
3
9
0
3
0
G
H
z
0
.5
4
7±
6
S
P
IR
E
5
0
0
µ
m
1
,5
9
0±
1
5
0
IR
A
C
1
(3
.6
µ
m
)
1
1
0±
2
0
A
(8
.2
8
µ
m
)
1
,8
3
0±
1
4
0
1
2
µ
m
3
,9
6
0±
1
5
0
P
A
C
S
7
0
µ
m
···
1
0
0
G
H
z
0
.2
2
3
3±
1
5
(6
.0
2
9
,
IR
A
C
2
(4
.5
µ
m
)
1
1
0±
2
0
C
(1
2
.1
3
µ
m
)
4
,6
8
0±
2
7
0
2
5
µ
m
2
3
,5
7
0±
2
2
0
P
A
C
S
1
6
0
µ
m
···
7
0
G
H
z
0
.2
2
3
3±
2
L
a
g
o
o
n
-1
.2
1
1
)
IR
A
C
3
(5
.8
µ
m
)
6
1
0±
5
0
D
(1
4
.6
5
µ
m
)
5
,6
4
0±
1
5
0
6
0
µ
m
8
0
,1
7
0±
1
,8
1
0
S
P
IR
E
2
5
0
µ
m
2
2
,2
9
0±
1
,1
6
0
4
4
G
H
z
0
.4
5
7
3±
1
1
IR
A
C
4
(8
.0
µ
m
)
2
,1
9
0±
1
3
0
E
(2
1
.3
µ
m
)
1
7
,6
0
0±
1
6
0
1
0
0
µ
m
7
7
,8
4
0±
4
,1
7
0
S
P
IR
E
3
5
0
µ
m
1
0
,6
6
0±
6
4
0
3
0
G
H
z
0
.5
4
7
9±
2
4
S
P
IR
E
5
0
0
µ
m
4
,1
5
0±
1
9
0
N
o
t
e
—
T
h
e
rem
a
in
d
er
o
f
th
is
ta
b
le
is
ava
ila
b
le
in
th
e
electro
n
ic
jo
u
rn
a
l.
Galactic Massive Star Forming Regions 31
Crowther, P. A. 2007, ARA&A, 45, 177
Crowther, P. A., & Dessart, L. 1998, MNRAS, 296, 622
Crowther, P. A., Hadfield, L. J., Clark, J. S., Negueruela,
I., & Vacca, W. D. 2006, MNRAS, 372, 1407
Dale, D. A., Bendo, G. J., Engelbracht, C. W., et al. 2005,
ApJ, 633, 857
Dale, J. E., & Bonnell, I. 2011, MNRAS, 414, 321
Damiani, F., Flaccomio, E., Micela, G., et al. 2004, ApJ,
608, 781
Damiani, F., Prisinzano, L., Micela, G., & Sciortino, S.
2006, A&A, 459, 477
Damineli, A., Kaufer, A., Wolf, B., et al. 2000, ApJL, 528,
L101
Danks, A. C., Wamsteker, W., Shaver, P. A., & Retallack,
D. S. 1984, A&A, 132, 301
Davies, B., Clark, J. S., Trombley, C., et al. 2012, MNRAS,
419, 1871
De Buizer, J. M., Watson, A. M., Radomski, J. T., Pin˜a,
R. K., & Telesco, C. M. 2002, ApJL, 564, L101
de Pree, C. G., Nysewander, M. C., & Goss, W. M. 1999,
AJ, 117, 2902
Deeg, H.-J., Brinks, E., Duric, N., Klein, U., & Skillman, E.
1993, ApJ, 410, 626
DeRose, K. L., Bourke, T. L., Gutermuth, R. A., et al.
2009, AJ, 138, 33
Dougherty, S. M., Clark, J. S., Negueruela, I., Johnson, T.,
& Chapman, J. M. 2010, A&A, 511, A58
Draine, B. T. 1978, ApJS, 36, 595
—. 2003, ARA&A, 41, 241
Draine, B. T., & Li, A. 2007, ApJ, 657, 810
Drissen, L., Moffat, A. F. J., Walborn, N. R., & Shara,
M. M. 1995, AJ, 110, 2235
Dufton, P. L., Smartt, S. J., Lee, J. K., et al. 2006, A&A,
457, 265
Duncan, R. A., White, S. M., Lim, J., et al. 1995, ApJL,
441, L73
Dunne, L., & Eales, S. A. 2001, MNRAS, 327, 697
Dwek, E. 1986, ApJ, 302, 363
Eisenhauer, F., Quirrenbach, A., Zinnecker, H., & Genzel,
R. 1998, ApJ, 498, 278
Elbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A,
533, A119
Ellerbroek, L. E., Podio, L., Kaper, L., et al. 2013, A&A,
551, A5
Engelbracht, C. W., Gordon, K. D., Rieke, G. H., et al.
2005, ApJL, 628, L29
Engelbracht, C. W., Rieke, G. H., Gordon, K. D., et al.
2008, ApJ, 678, 804
Everett, J. E., & Churchwell, E. 2010, ApJ, 713, 592
Fazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS,
154, 10
Feigelson, E. D., Townsley, L. K., Broos, P. S., et al. 2013,
ApJS, 209, 26
Felli, M., & Churchwell, E. 1970, ApJ, 160, 43
Felli, M., Churchwell, E., Wilson, T. L., & Taylor, G. B.
1993, A&AS, 98, 137
Figer, D. F., MacKenty, J. W., Robberto, M., et al. 2006,
ApJ, 643, 1166
Figuereˆdo, E., Blum, R. D., Damineli, A., & Conti, P. S.
2002, AJ, 124, 2739
—. 2005, AJ, 129, 1523
Figuereˆdo, E., Blum, R. D., Damineli, A., Conti, P. S., &
Barbosa, C. L. 2008, AJ, 136, 221
Flagey, N., Boulanger, F., Noriega-Crespo, A., et al. 2011,
A&A, 531, A51
Fujiyoshi, T., Smith, C. H., Moore, T. J. T., et al. 2005,
MNRAS, 356, 801
Gagne´, M., Fehon, G., Savoy, M. R., et al. 2011, ApJS, 194,
5
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al.
2018, ArXiv e-prints, arXiv:1804.09365
Galliano, F., Dwek, E., & Chanial, P. 2008, ApJ, 672, 214
Galva´n-Madrid, R., Liu, H. B., Zhang, Z.-Y., et al. 2013,
ApJ, 779, 121
Getman, K. V., Feigelson, E. D., Kuhn, M. A., et al. 2014,
ApJ, 787, 108
Giammanco, C., Beckman, J. E., & Cedre´s, B. 2005, A&A,
438, 599
Goodman, A. A., Alves, J., Beaumont, C. N., et al. 2014,
ApJ, 797, 53
Gordon, K. D., Engelbracht, C. W., Rieke, G. H., et al.
2008, ApJ, 682, 336
Gordon, K. D., Galliano, F., Hony, S., et al. 2010, A&A,
518, L89
Gordon, K. D., Roman-Duval, J., Bot, C., et al. 2014, ApJ,
797, 85
Goss, W. M., & Radhakrishnan, V. 1969, Astrophys. Lett.,
4, 199
Goss, W. M., & Shaver, P. A. 1970, Australian Journal of
Physics Astrophysical Supplement, 14, 1
Griffin, M. J., Abergel, A., Abreu, A., et al. 2010, A&A,
518, L3
Guarcello, M. G., Prisinzano, L., Micela, G., et al. 2007,
A&A, 462, 245
Gwinn, C. R., Moran, J. M., & Reid, M. J. 1992, ApJ, 393,
149
Hachisuka, K., Brunthaler, A., Menten, K. M., et al. 2006,
ApJ, 645, 337
32 Binder & Povich
Haffner, L. M., Reynolds, R. J., Tufte, S. L., et al. 2003,
ApJS, 149, 405
Halpern, J. P., Gotthelf, E. V., & Camilo, F. 2012, ApJL,
753, L14
Hamaguchi, K., Corcoran, M. F., Ezoe, Y., et al. 2009,
ApJL, 695, L4
Harayama, Y., Eisenhauer, F., & Martins, F. 2008, ApJ,
675, 1319
Haschick, A. D., & Ho, P. T. P. 1983, ApJ, 267, 638
Helfand, D. J., Gotthelf, E. V., Halpern, J. P., et al. 2007,
ApJ, 665, 1297
Hillier, D. J., Davidson, K., Ishibashi, K., & Gull, T. 2001,
ApJ, 553, 837
Hindson, L., Thompson, M. A., Urquhart, J. S., et al. 2013,
MNRAS, 435, 2003
Hoffmeister, V. H., Chini, R., Scheyda, C. M., et al. 2008,
ApJ, 686, 310
Hollenbach, D. J., & Tielens, A. G. G. M. 1997, ARA&A,
35, 179
Homeier, N. L., & Alves, J. 2005, A&A, 430, 481
Hunt, L. K., Draine, B. T., Bianchi, S., et al. 2015, A&A,
576, A33
Immer, K., Galva´n-Madrid, R., Ko¨nig, C., Liu, H. B., &
Menten, K. M. 2014, A&A, 572, A63
Immer, K., Reid, M. J., Menten, K. M., Brunthaler, A., &
Dame, T. M. 2013, A&A, 553, A117
Inoue, A. K. 2001, AJ, 122, 1788
Inoue, A. K., Hirashita, H., & Kamaya, H. 2001, ApJ, 555,
613
Jager, C., Mutschke, H., & Henning, T. 1998, A&A, 332,
291
Kameya, O., Morita, K.-I., Kawabe, R., & Ishiguro, M.
1990, ApJ, 355, 562
Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531
Kennicutt, Jr., R. C. 1984, ApJ, 287, 116
—. 1998, ARA&A, 36, 189
Kennicutt, Jr., R. C., Hao, C.-N., Calzetti, D., et al. 2009,
ApJ, 703, 1672
Kharchenko, N. V., Piskunov, A. E., Ro¨ser, S., Schilbach,
E., & Scholz, R.-D. 2005, A&A, 438, 1163
Kiminki, M. M., Kim, J. S., Bagley, M. B., Sherry, W. H.,
& Rieke, G. H. 2015, ApJ, 813, 42
Klein, U., Wielebinski, R., & Morsi, H. W. 1988, A&A, 190,
41
Kohoutek, L., Mayer, P., & Lorenz, R. 1999, A&AS, 134,
129
Koumpia, E., & Bonanos, A. Z. 2012, A&A, 547, A30
Kroupa, P., & Weidner, C. 2003, ApJ, 598, 1076
Kuhn, M. A., Povich, M. S., Luhman, K. L., et al. 2013,
ApJS, 209, 29
Kumar, M. S. N., Kamath, U. S., & Davis, C. J. 2004,
MNRAS, 353, 1025
Lada, C. J., Depoy, D. L., Merrill, K. M., & Gatley, I.
1991, ApJ, 374, 533
Lada, C. J., Elmegreen, B. G., Cong, H.-I., & Thaddeus, P.
1978, ApJL, 226, L39
Lawton, B., Gordon, K. D., Babler, B., et al. 2010, ApJ,
716, 453
Lee, E. J., Murray, N., & Rahman, M. 2012, ApJ, 752, 146
Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999,
ApJS, 123, 3
Li, Y., Calzetti, D., Kennicutt, R. C., et al. 2010, ApJ, 725,
677
Li, Y., Crocker, A. F., Calzetti, D., et al. 2013, ApJ, 768,
180
Lortet, M. C., Testor, G., & Niemela, V. 1984, A&A, 140,
24
Luisi, M., Anderson, L. D., Balser, D. S., Bania, T. M., &
Wenger, T. V. 2016, ApJ, 824, 125
Lumsden, S. L., Puxley, P. J., Hoare, M. G., Moore,
T. J. T., & Ridge, N. A. 2003, MNRAS, 340, 799
Luque-Escamilla, P. L., Mun˜oz-Arjonilla, A. J.,
Sa´nchez-Sutil, J. R., et al. 2011, A&A, 532, A92
Lynds, B. T., Canzian, B. J., & Oneil, Jr., E. J. 1985, ApJ,
288, 164
Madden, S. C. 2000, NewAR, 44, 249
Madden, S. C., Galliano, F., Jones, A. P., & Sauvage, M.
2006, A&A, 446, 877
Maercker, M., Burton, M. G., & Wright, C. M. 2006, A&A,
450, 253
Ma´ız Apella´niz, J., Sota, A., Arias, J. I., et al. 2016, ApJS,
224, 4
Makovoz, D., Roby, T., Khan, I., & Booth, H. 2006, in
Proc. SPIE, Vol. 6274, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series,
62740C
Manchester, R. N., Lyne, A. G., Camilo, F., et al. 2001,
MNRAS, 328, 17
Marble, A. R., Engelbracht, C. W., van Zee, L., et al. 2010,
ApJ, 715, 506
Markwardt, C. B. 2009, in Astronomical Society of the
Pacific Conference Series, Vol. 411, Astronomical Data
Analysis Software and Systems XVIII, ed. D. A.
Bohlender, D. Durand, & P. Dowler, 251
Mart´ın-Herna´ndez, N. L., Bik, A., Kaper, L., Tielens,
A. G. G. M., & Hanson, M. M. 2003, A&A, 405, 175
Martins, F., Schaerer, D., & Hillier, D. J. 2005, A&A, 436,
1049
Mathis, J. S., Mezger, P. G., & Panagia, N. 1983, A&A,
128, 212
Galactic Massive Star Forming Regions 33
McKee, C. F., & Williams, J. P. 1997, ApJ, 476, 144
Melena, N. W., Massey, P., Morrell, N. I., & Zangari, A. M.
2008, AJ, 135, 878
Mennella, V., Brucato, J. R., Colangeli, L., et al. 1998,
ApJ, 496, 1058
Mennella, V., Colangeli, L., Bussoletti, E., et al. 1995,
Planet. Space Sci., 43, 1217
Menten, K. M., Reid, M. J., Forbrich, J., & Brunthaler, A.
2007, A&A, 474, 515
Messineo, M., Figer, D. F., Davies, B., et al. 2008, ApJL,
683, L155
Messineo, M., Clark, J. S., Figer, D. F., et al. 2015, ApJ,
805, 110
Minier, V., Tremblin, P., Hill, T., et al. 2013, A&A, 550,
A50
Miville-Descheˆnes, M.-A., & Lagache, G. 2005, ApJS, 157,
302
Moffat, A. F. J. 1983, A&A, 124, 273
Moffat, A. F. J., Drissen, L., & Shara, M. M. 1994, ApJ,
436, 183
Moffat, A. F. J., Shara, M. M., & Potter, M. 1991, AJ, 102,
642
Molinari, S., Swinyard, B., Bally, J., et al. 2010, PASP,
122, 314
Momose, M., Tamura, M., Kameya, O., et al. 2001, ApJ,
555, 855
Moreno, M. A., & Chavarria-K., C. 1986, A&A, 161, 130
Moscadelli, L., Reid, M. J., Menten, K. M., et al. 2009,
ApJ, 693, 406
Motte, F., Zavagno, A., Bontemps, S., et al. 2010, A&A,
518, L77
Mun˜oz-Mateos, J. C., Gil de Paz, A., Boissier, S., et al.
2009, ApJ, 701, 1965
Mufson, S. L., & Liszt, H. S. 1977, ApJ, 212, 664
Muller, G. P., Reed, R., Armandroff, T., Boroson, T. A., &
Jacoby, G. H. 1998, in Proc. SPIE, Vol. 3355, Optical
Astronomical Instrumentation, ed. S. D’Odorico, 577–585
Murphy, E. J., Condon, J. J., Schinnerer, E., et al. 2011,
ApJ, 737, 67
Murray, N., & Rahman, M. 2010, ApJ, 709, 424
Navarete, F., Figueredo, E., Damineli, A., et al. 2011, AJ,
142, 67
Normandeau, M., Taylor, A. R., & Dewdney, P. E. 1996,
Nature, 380, 687
O’Dell, C. R. 2001, PASP, 113, 29
O’dell, C. R. 2001, ARA&A, 39, 99
Oey, M. S., & Kennicutt, Jr., R. C. 1997, MNRAS, 291, 827
Ojha, D. K., Tamura, M., Nakajima, Y., et al. 2004, ApJ,
616, 1042
Okumura, S.-i., Mori, A., Nishihara, E., Watanabe, E., &
Yamashita, T. 2000, ApJ, 543, 799
Ott, S. 2010, in Astronomical Society of the Pacific
Conference Series, Vol. 434, Astronomical Data Analysis
Software and Systems XIX, ed. Y. Mizumoto, K.-I.
Morita, & M. Ohishi, 139
Paladini, R., Burigana, C., Davies, R. D., et al. 2003, A&A,
397, 213
Paradis, D., Bernard, J.-P., & Me´ny, C. 2009, A&A, 506,
745
Peeters, E., Spoon, H. W. W., & Tielens, A. G. G. M. 2004,
ApJ, 613, 986
Pellegrini, E. W., Oey, M. S., Winkler, P. F., et al. 2012,
ApJ, 755, 40
Pe´rez-Gonza´lez, P. G., Kennicutt, Jr., R. C., Gordon,
K. D., et al. 2006, ApJ, 648, 987
Persi, P., Tapia, M., & Roth, M. 2000, A&A, 357, 1020
Plume, R., Kaufman, M. J., Neufeld, D. A., et al. 2004,
ApJ, 605, 247
Poglitsch, A., Waelkens, C., Geis, N., et al. 2010, A&A,
518, L2
Polcaro, V. F., Norci, L., & Miroshnichenko, A. S. 2006, in
Astronomical Society of the Pacific Conference Series,
Vol. 355, Stars with the B[e] Phenomenon, ed. M. Kraus
& A. S. Miroshnichenko, 197
Povich, M. S., Busk, H. A., Feigelson, E. D., Townsley,
L. K., & Kuhn, M. A. 2017, ApJ, 838, 61
Povich, M. S., Townsley, L. K., Robitaille, T. P., et al.
2016, ApJ, 825, 125
Povich, M. S., Stone, J. M., Churchwell, E., et al. 2007,
ApJ, 660, 346
Povich, M. S., Churchwell, E., Bieging, J. H., et al. 2009,
ApJ, 696, 1278
Povich, M. S., Smith, N., Majewski, S. R., et al. 2011,
ApJS, 194, 14
Pratap, P., Megeath, S. T., & Bergin, E. A. 1999, ApJ, 517,
799
Price, S. D., Egan, M. P., Carey, S. J., Mizuno, D. R., &
Kuchar, T. A. 2001, AJ, 121, 2819
Prisinzano, L., Damiani, F., Micela, G., & Pillitteri, I.
2007, A&A, 462, 123
Prisinzano, L., Damiani, F., Micela, G., & Sciortino, S.
2005, A&A, 430, 941
Puga, E., Mar´ın-Franch, A., Najarro, F., et al. 2010, A&A,
517, A2
Rank, D. M., Dinerstein, H. L., Lester, D. F., et al. 1978,
MNRAS, 185, 179
Reid, M. J., Menten, K. M., Zheng, X. W., et al. 2009,
ApJ, 700, 137
34 Binder & Povich
Relan˜o, M., Lisenfeld, U., Pe´rez-Gonza´lez, P. G., Vı´lchez,
J. M., & Battaner, E. 2007, ApJL, 667, L141
Retallack, D. S., & Goss, W. M. 1980, MNRAS, 193, 261
Rho, J., Ramı´rez, S. V., Corcoran, M. F., Hamaguchi, K.,
& Lefloch, B. 2004, ApJ, 607, 904
Rho, J., Reach, W. T., Lefloch, B., & Fazio, G. G. 2006,
ApJ, 643, 965
Rho, J., Kozasa, T., Reach, W. T., et al. 2008, ApJ, 673,
271
Ritchie, B. W., Clark, J. S., Negueruela, I., & Crowther,
P. A. 2009, A&A, 507, 1585
Roberts, H., van der Tak, F. F. S., Fuller, G. A., Plume, R.,
& Bayet, E. 2011, A&A, 525, A107
Rodgers, A. W., Campbell, C. T., & Whiteoak, J. B. 1960,
MNRAS, 121, 103
Romero, G. E., Okazaki, A. T., Orellana, M., & Owocki,
S. P. 2007, A&A, 474, 15
Russeil, D. 2003, A&A, 397, 133
Russeil, D., Zavagno, A., Motte, F., et al. 2010, A&A, 515,
A55
Russeil, D., Pestalozzi, M., Mottram, J. C., et al. 2011,
A&A, 526, A151
Russeil, D., Zavagno, A., Adami, C., et al. 2012, A&A, 538,
A142
Sanduleak, N. 1971, ApJL, 164, L71
Schneider, N., Csengeri, T., Bontemps, S., et al. 2010,
A&A, 520, A49
Shuping, R. Y., Vacca, W. D., Kassis, M., & Yu, K. C.
2012, AJ, 144, 116
Sievers, A. W., Mezger, P. G., Bordeon, M. A., et al. 1991,
A&A, 251, 231
Simon, R., Jackson, J. M., Clemens, D. P., Bania, T. M., &
Heyer, M. H. 2001, ApJ, 551, 747
Skibba, R. A., Engelbracht, C. W., Dale, D., et al. 2011,
ApJ, 738, 89
Skiff, B. A. 2009, VizieR Online Data Catalog, 1
Skinner, S., Gagne´, M., & Belzer, E. 2003, ApJ, 598, 375
Smith, J., Bentley, A., Castelaz, M., et al. 1985, ApJ, 291,
571
Smith, L. F., Biermann, P., & Mezger, P. G. 1978, A&A,
66, 65
Smith, N. 2006, MNRAS, 367, 763
Smith, N., & Brooks, K. J. 2007, MNRAS, 379, 1279
Smith, N., Davidson, K., Gull, T. R., Ishibashi, K., &
Hillier, D. J. 2003a, ApJ, 586, 432
Smith, N., Gehrz, R. D., Hinz, P. M., et al. 2003b, AJ, 125,
1458
Stephens, I. W., Evans, J. M., Xue, R., et al. 2014, ApJ,
784, 147
Stephenson, C. B. 1966, AJ, 71, 477
Stro¨mgren, B. 1939, ApJ, 89, 526
Subrahmanyan, R., & Goss, W. M. 1996, MNRAS, 281, 239
Terebey, S., Fich, M., Taylor, R., Cao, Y., & Hancock, T.
2003, ApJ, 590, 906
Thronson, Jr., H. A., Lada, C. J., & Hewagama, T. 1985,
ApJ, 297, 662
Tielens, A. G. G. M., Waters, L. B. F. M., & Bernatowicz,
T. J. 2005, in Astronomical Society of the Pacific
Conference Series, Vol. 341, Chondrites and the
Protoplanetary Disk, ed. A. N. Krot, E. R. D. Scott, &
B. Reipurth, 605
Tothill, N. F. H., Gagne´, M., Stecklum, B., & Kenworthy,
M. A. 2008, The Lagoon Nebula and its Vicinity, ed.
B. Reipurth, 533
Townsley, L. K., Broos, P. S., Chu, Y.-H., et al. 2011,
ApJS, 194, 16
Townsley, L. K., Broos, P. S., Garmire, G. P., et al. 2014,
ApJS, 213, 1
Townsley, L. K., Feigelson, E. D., Montmerle, T., et al.
2003, ApJ, 593, 874
Treyer, M., Schiminovich, D., Johnson, B. D., et al. 2010,
ApJ, 719, 1191
Turner, D. G., & Forbes, D. 1982, PASP, 94, 789
Ungerechts, H., Umbanhowar, P., & Thaddeus, P. 2000,
ApJ, 537, 221
van der Hucht, K. A., Conti, P. S., Lundstrom, I., &
Stenholm, B. 1981, SSRv, 28, 227
van der Werf, P. P., & Goss, W. M. 1989, A&A, 224, 209
van Loo, S. 2005, in Massive Stars and High-Energy
Emission in OB Associations, ed. G. Rauw, Y. Naze´,
R. Blomme, & E. Gosset, 61–64
Vargas A´lvarez, C. A., Kobulnicky, H. A., Bradley, D. R.,
et al. 2013, AJ, 145, 125
Voss, R., Diehl, R., Vink, J. S., & Hartmann, D. H. 2010,
A&A, 520, A51
Vutisalchavakul, N., Evans, Neal J., I., & Heyer, M. 2016,
ApJ, 831, 73
Vutisalchavakul, N., & Evans, II, N. J. 2013, ApJ, 765, 129
Wang, J., Townsley, L. K., Feigelson, E. D., et al. 2007,
ApJS, 168, 100
Wang, J., Feigelson, E. D., Townsley, L. K., et al. 2011,
ApJS, 194, 11
Ward-Thompson, D., & Robson, E. I. 1990, MNRAS, 244,
458
Watson, A. M., & Hanson, M. M. 1997, ApJL, 490, L165
Weingartner, J. C., & Draine, B. T. 2001, ApJ, 548, 296
Wenger, M., Ochsenbein, F., Egret, D., et al. 2000, A&AS,
143, 9
Westerhout, G. 1958, BAN, 14, 215
Galactic Massive Star Forming Regions 35
Whiteoak, J. B., & Gardner, F. F. 1977, Proceedings of the
Astronomical Society of Australia, 3, 147
Whiteoak, J. B. Z., & Uchida, K. I. 1997, A&A, 317, 563
Wilson, T. L., Boboltz, D. A., Gaume, R. A., & Megeath,
S. T. 2003, ApJ, 597, 434
Wilson, T. L., Mezger, P. G., Gardner, F. F., & Milne,
D. K. 1970, A&A, 6, 364
Wolk, S. J., Spitzbart, B. D., Bourke, T. L., & Alves, J.
2006, AJ, 132, 1100
Wood, D. O. S., & Churchwell, E. 1989, ApJS, 69, 831
Wu, S.-W., Bik, A., Bestenlehner, J. M., et al. 2016, A&A,
589, A16
Wynn-Williams, C. G., Becklin, E. E., & Neugebauer, G.
1974, ApJ, 187, 473
Xu, Y., Moscadelli, L., Reid, M. J., et al. 2011, ApJ, 733, 25
Xu, Y., Reid, M. J., Menten, K. M., et al. 2009, ApJ, 693,
413
Yao, Y., Ishii, M., Nagata, T., Nakaya, H., & Sato, S. 2000,
ApJ, 542, 392
Zasowski, G., Majewski, S. R., Indebetouw, R., et al. 2009,
ApJ, 707, 510
Zeidler, P., Sabbi, E., Nota, A., et al. 2015, AJ, 150, 78
Zeilik, II, M., & Lada, C. J. 1978, ApJ, 222, 896
Zhang, B., Moscadelli, L., Sato, M., et al. 2014, ApJ, 781,
89
Zubko, V. G., Kre lowski, J., & Wegner, W. 1996, MNRAS,
283, 577
Zurita, A., Beckman, J. E., Rozas, M., & Ryder, S. 2002,
A&A, 386, 801
